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ABSTRACT: Renewable-energy-powered electrosynthesis has the
potential to contribute to decarbonizing the production of propylene
glycol, a chemical that is used currently in the manufacture of polyesters
and antifreeze and has a high carbon intensity. Unfortunately, to date,
the electrooxidation of propylene under ambient conditions has suffered
from a wide product distribution, leading to a low faradic efficiency
toward the desired propylene glycol. We undertook mechanistic
investigations and found that the reconstruction of Pd to PdO occurs,
followed by hydroxide formation under anodic bias. The formation of
this metastable hydroxide layer arrests the progressive dissolution of Pd
in a locally acidic environment, increases the activity, and steers the
reaction pathway toward propylene glycol. Rh-doped Pd further
improves propylene glycol selectivity. Density functional theory
(DFT) suggests that the Rh dopant lowers the energy associated with the production of the final intermediate in propylene
glycol formation and renders the desorption step spontaneous, a concept consistent with experimental studies. We report a 75%
faradic efficiency toward propylene glycol maintained over 100 h of operation.

■ INTRODUCTION
The manufacture of commodity chemicals today relies on the
combustion of fossil fuels to power thermocatalytic processes.
In the United States, for example, the chemical industry
consumes 28% of the total industrial energy.1 Electrifying the
chemical processes that today rely on combustion and
thermocatalysis can contribute to a reduction in the carbon
intensity of chemical processes. This is true with regard to the
cathode, where reductive electrochemical steps such as
hydrogen evolution and CO2 reduction2−5 have undergone
continued progress, and also the anode, where one may pair
selective oxidation processes.

Oxidation of olefins to epoxides and glycols is associated
with a high energy demand and carbon footprint.6 Propylene
glycol (PG) represents a significant and growing market at $4B
USD/year.7 The current two-step process via propylene oxide
suffers from high cost, chemical waste, and total emissions of
∼4.7 tons of CO2 per ton of propylene glycol, one of the
highest carbon intensities among commodity chemicals
(Figure 1B).8 Of these 4.7 tons, more than 3 tons of CO2
per ton propylene glycol arise due to the propylene-to-
propylene glycol step, and the rest arise from the propylene
feedstock.

A chemical challenge in selectively oxidizing propylene arises
from one carbon double bond and one single bond present in
it, due to which, when electrooxidized, it is prone to exhibit a
range of oxidation products (Figure 1A). Earlier studies on
propylene oxidation in acidic media reported the oxidation of
allylic carbon at a low overpotential and investigated propylene
adsorption; unfortunately, these efforts, carried out on
Pd,17,31,32 led to a broad suite of partially oxidized products
that include allyl alcohol, acrolein, and acrylic acid. Propylene
glycol formation was also studied at a high potential under
which PdO is formed,17,28−30 but here, the FE for PG was
lower than 40%, and Pd2+ dissolution led to acetone formation.
The functionalization of the C � C double bond has been
found to be more selective on Ag-based catalysts at higher
overpotentials, but here, the faradic efficiency (FE) has been
limited to 20%.18 Earlier studies pointed toward the need for
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controlled activation of the C�C double bond through the
choice of catalyst and the tuning of the adsorption energies of
C3H6 and OH on the catalyst surface.

Here, in pursuit of selective electrosynthesis of propylene
glycol from propylene, we investigate how the catalyst design
and activation can steer the reaction toward the desired single
product, propylene glycol. Cyclic voltammetry (CV) studies,
taken together with operando Raman spectroscopy, suggest
that hydroxide formation on the surface of Pd and PdO during
activation steers the selectivity and improves the reaction rate
toward propylene glycol in near-neutral-pH electrolytes (pH
3−10), an effect that first increases and then stabilizes after a
∼2 h initial operating period. The undesired Pd dissolution
that otherwise leads to acetone production is arrested by the
process associated with activation, and once this hydroxide
formation process is underway, propylene glycol then becomes
the primary product. This metastable hydroxide layer is formed
under anodic bias in a locally acidic environment and reacts
with surface-adsorbed propylene via a Mars−van Krevelen-like
mechanism.29 We screened metal dopants and found that
some of these (such as Sn and Ru) alter the activation process
wherein Pd hydroxide is formed. Others, such as Rh, do not

alter the establishment of Pd active sites and increase the
selectivity toward propylene glycol (PG). Density functional
theory (DFT) suggests that Rh doping reduces the energy
required for C3H8O2* formation and lowers the energetic cost
of the subsequent desorption step compared to the case of
pure Pd. Experimental results also show a higher partial current
density and a lower concentration of the overoxidized product
of propylene glycol on PdRh compared to those of pure Pd, in
agreement with DFT. The best catalysts exhibit stable
performance with an FE of 75% and a selectivity of over
93% in a study over 100 h of continuous operation.

■ RESULTS AND DISCUSSION
Propylene Oxidation as a Function of pH and

Oxidizing Potential. Pd has been shown to be a good
catalyst for olefin adsorption and oxidation (Figure 1C).19,20

We used electrodeposition to form a thin layer of Pd with a
nanodendritic structure (Methods section). The surface
morphology of electrodeposited Pd nanodendrites was
characterized using electron microscopy (Supporting Informa-
tion Figures S2 and S3).

Figure 1. (A) Propylene oxidation pathways. (B) Carbon intensity vs market prices/ton of short-chain (<C4) hydrocarbon fuels and oxygenate
chemicals that have the highest global demand (≥Mt/year).8−16 (C) Faradic efficiency (FE) toward propylene glycol and total current density of
different electrodeposited noble metals.
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When working in 0.1 M perchloric (pH 1.1 ± 0.2) acid
electrolyte (selected to avoid unwanted adsorption of anions
that could block active sites21−222324252627), a shift in selectivity
from allylic oxidized products (allyl alcohol and acrolein) to
propylene glycol is observed with increasing operating
potential (Figure S4), consistent with prior reports:17 the FE
for propylene glycol (FEPG) reached 28% at 1.05 V vs Ag/
AgCl. Acetone was observed as the main competing product,
with an FE of 45%. Traces of C1 and C2 byproducts such as
acetate and formate were detected, attributable to C−C
cleavage.

Acetone has previously been reported to be a major product
of homogeneous reactions involving Pd2+ in solution.17,30 We

checked our electrolyte and found increased Pd2+ concen-
tration, presumably from the dissolution of the electrocatalyst
in time (Figure S5).

We sought to prevent Pd dissolution by using a higher pH
electrolyte (see the Pourbaix diagram33) and studying in the
pH range of 3−10 (Figure 2A,B). The FE for propylene glycol
reached the highest value at 1.1 V vs Ag/AgCl, and the oxygen
evolution reaction (OER) became the dominant reaction when
the operating potential was further increased. By sampling
products in the electrolyte every 15 min, we then noticed an
activation effect, i.e., a change in the product selectivity as a
function of the time under operation. After the first 15 min, the
current increased appreciably over the ensuing 2 h period, after

Figure 2. (A) FE of propylene oxidation vs potential in pH 4 perchlorate (0.1 M) electrolyte. The allylic product FE is very low in this electrolyte at
all applied potentials. The selectivity shifts away from acetone and toward propylene glycol as we increase the potential. (B) FE of propylene glycol
in different pH electrolytes under 1.1 V vs Ag/AgCl. (C) FE of acetone and propylene glycol in an extended 5 h test.

Figure 3. Mechanistic study of the causes of the temporal evolution of selectivity. (A) Cyclic voltammetry (CV) of Pd in 0.1 M NaClO4 electrolyte
with saturated Ar. (B) Negative scan of CV of Pd after holding at 1.1 V vs Ag/AgCl for different periods of time. (C) Comparison of the time
required for current activation and the time for the appearance of a reduction peak in the CV negative scan under different anodic potentials. (D)
In situ Raman of Pd in H2O-based 0.1 M NaClO4 electrolyte under 1.1 V vs Ag/AgCl. (E) In situ Raman spectra of Pd in D2O-based 0.1 M
NaClO4 electrolyte under 1.1 V vs Ag/AgCl. (F) Current and FE for propylene glycol at a low potential of 0.9 V vs Ag/AgCl for activated Pd (after
operating under optimal conditions for 2 h) vs the fresh Pd catalyst.
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which the current substantially stabilized (Figure 2C). By
sampling the electrolyte following the completion of the
activation process, the primary product is discovered to be
propylene glycol. The PG FE reached ∼60% at the end of a 5 h
test, and the acetone FE diminished to 15% by this point. By
studying Pd2+ in the electrolyte, we found that its rate of
dissolution had decreased significantly once the activation
process had begun (Figure S6). This is in contrast to the
observations made at pH 1−2, which show no activation in the
current density and exhibit a progressive increase in Pd
dissolution (Figure S7).

When the pH reached 12 and above, OER became the
dominant process, evident from the visible bubbling on the
catalyst surface and negligible propylene oxidation products.
We reason that a high OH− concentration accounts for faster
OER kinetics compared to that in a neutral or slightly acidic
environment, which leads to a more sluggish water dissociation
process (details of the pH effect on the activation and
propylene glycol selectivity are provided in the Supporting
Note 1 and Figures S8−S14).

In brief, the activation phenomenon that leads to the
efficient synthesis of propylene glycol is the most prominent in
the pH range of 3−10, in which water dissociation remains the
main OH− source for propylene oxidation. The activation of
the catalyst increases the propylene oxidation to propylene
glycol to an FE of ∼60%. In contrast, the continuous Pd
dissolution in the pH 1−2 electrolyte impedes the catalyst
activation process, and the FEPG is consistently below 40%,

while the OER dominates at bulk pH > 11 due to abundant
OH−.
Propylene Oxidation Activation on Pd. Cyclic

voltammetry was performed to investigate the species present
following the observation of activation. CV (carried out in an
Ar-saturated electrolyte) before activation shows the oxidation
and reduction peaks corresponding to the interconversion
between metallic Pd and PdO (Figure 3A).34 We operated the
catalyst at a constant oxidative potential of 1.1 V vs Ag/AgCl
for durations lasting between 1 and 20 min and then carried
out negative CV scans to identify other possible oxides in
addition to the typical PdO. A new feature at 0.1 V vs Ag/AgCl
emerged after operating for about 10 min (Figure 3B), roughly
the same time as that on which the activation process occurs.
This study was then repeated with a range of applied potentials
used in the activation process and found a good correlation
(Figures 3C and S15) between the activation time and the
time of onset of the reduction peak at 0.1 V. We then
compared the influence of running the activation process in the
presence of Ar vs propylene and found no influence on the
emergence of this 0.1 V feature from the choice of gas in the
headspace (Figure S16).

Using operando Raman under an applied potential of 1.1 V,
we found that the feature at 650 cm−1 (previously reported to
be ν(PdO))35 grows quickly (within 5 min) and stabilizes.
Over the activation period of 10−40 min, a new feature at 514
cm−1 grows progressively (Figure 3D). To test whether this
feature includes an effect of the hydroxide or oxygen in water,

Figure 4. (A) FE for propylene glycol with seven different Pd alloys at 10 atom % doping. (B) FE for propylene glycol with PdRu, PdRh, PdAu, and
PdSn alloys having different atom % of doping; the FE is calculated based on the average of a 2 h test. (C) Current profile for 5 atom %-doped Ru,
Rh, and Sn in Pd catalysts at 1.1 V vs Ag/AgCl. (D) Calculated free energy diagram of propylene oxidation on PdO- and Rh-doped PdO. The
introduction of lattice OH into the hydrocarbon intermediate creates a surface oxygen vacancy, which is denoted as VO. The values in the figure
indicate the free energy changes for the limiting step of the reaction. (E) Current (black) and faradic efficiency (blue) vs the time profile of a 100 h
stability evaluation at 1.1 V vs Ag/AgCl with electrodeposited PdRh in pH 4 0.1 M perchlorate electrolyte; the FE is calculated between each time
interval.
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we replaced H2O with D2O and repeated the Raman study
(Figure 3E). A red shift to 506 cm−1 was observed while the
characteristic peak of ν(PdO) remained the same at 650 cm−1.
This suggests that the 514 cm−1 feature is linked to ν(Pd−
OH) as the Pd−OH bond is expected to vibrate at a slightly
lower frequency than the Pd−OH bond. Subsequent ex situ
post-reaction spectra showed that this 514 cm−1 peak
diminished progressively once we removed the applied
oxidizing potential. We interpret this to mean that the surface
reverts to PdO. This is consistent with our CV negative scan
results, where a similar loss in the 0.1 V feature is observed
when the catalyst is left in an open circuit (Figure S17). These
findings suggest that the catalytically active surface hydroxide is
stable under anodic bias but gradually reverts when the bias is
removed.

Pd is a non-surface-enhanced Raman scattering (SERS)
material, so the feature associated with Pd−OH is likely not
localized to a single monolayer surface but instead is a layer of
hydroxide material that grows into the catalyst from the
electrolyte over the course of the activation period. Post-
reaction X-ray diffraction (XRD) shows a shift to a lower angle
in the diffraction pattern following anodic bias in solution over
a 20 min time course (Figure S18). The delay between the
removal of the anodically biased catalyst sample from the
electrolyte and the completion of the acquisition of X-ray data
for XRD was approximately 5 min, which is before the active
species completely reverted to Pd and PdO. The XRD results
showed a left shift in the diffraction patterns of Pd over the first
20 min, which slowly stabilized after 1 h, suggesting increasing
distance between the atomic layers due to the formation of the
hydroxide.

To study the conditions for generating and consuming the
hydroxide, we carried out propylene oxidation at 1.1 V vs Ag/
AgCl for 2 h by fully activating it and found that when the
applied bias was lowered to 0.9 V, the faradic efficiency for PG
remained at ∼40% over the ensuing hour (Figure 3F). In
contrast, if the catalyst is prepared by operating at the same
applied bias of 0.9 V, it fails to activate in the first 2 h,
providing an FEPG less than 10%. In the first study, when we
lowered the bias from 1.1 to 0.9 V, the current decayed with
time over the course of an hour to 0.9 V, indicating a
continuous loss of the hydroxide species: we propose that the
hydroxide is no longer efficiently replenished, and it
progressively diminishes as it is consumed to form propylene
glycol from propylene.
Improving Propylene Glycol Performance using

Metal Dopants. Seeking further improvements in the
selective oxidation of propylene to propylene glycol, we
screened a series of metal dopants including Ru, Au, Ag, Pt,
Rh, Ir, and Sn. We studied the impact on FEPG (Figure 4A)
following a common 2 h activation period of alloys and found
that both Rh- and Au-doped Pd showed improved FE, while
Ru- and Sn-doped Pd had a much lower FEPG. We optimized
the dopant concentration and found 5 atom % to be optimal
for both Rh and Au (Figure 4B). X-ray photoelectron
spectroscopy (XPS), inductively coupled plasma optical
emission spectroscopy (ICP-OES) (Figure S19 and Table
S2), and XRD indicate that the dopants were incorporated and
did not cause phase segregation (Figure S20).

We found that the FE-improving dopants (Rh and Au)
showed the reported activation effect, and the FE-diminishing
dopants (Ru, Sn) showed no activation (Figure 4C). Based on
the much higher and lower current densities in Ru- and Sn-

doped Pd respectively, we propose that Ru leads to a high rate
of OER and does not produce the activated Pd−OH species.
Sn results in a very slow OH generation.

To better understand the effect of these dopants on
propylene glycol production, we further investigated, using
the CV negative scan method, their influence on the formation
of Pd active sites. Upon comparing the reduction peaks across
PdRu, PdSn, PdRh, and Pd after 1200 s at 1.1 V vs Ag/AgCl,
we found that the peaks for PdRh and Pd are significantly
larger than those for PdSn and PdRu (Figure S21). This
suggests differing degrees of hydroxide formation among these
samples, likely influenced by the distinct water oxidation
capabilities of the dopants. A constant potential test at 1.1 V vs
Ag/AgCl is then performed in an Ar-saturated electrolyte for
approximately 20 min, followed by the introduction of
propylene. The changes were monitored with respect to the
current density and the FE was measured for the ensuing 20
min (Figure S22). PdRu has the highest current density in the
Ar-saturated electrolyte, with much higher O2 detected at the
gas outlet than the other three catalysts, indicating faster OER
kinetics. Both Pd and PdRh demonstrated a nearly 2-fold
increase in the current density, with PdRh exhibiting an
increase in the FE for propylene glycol from 61% (in the case
of Pd) to 71% (in the case of PdRh). PdSn caused negligible
change and kept decaying upon the introduction of propylene,
with acetone as the main product; the current was therefore
assigned to the dissolution of Pd and slow surface oxidation
that kept decreasing over time.

As the Rh dopant did not increase the activation signal seen
in CV following activation, and the electrochemical surface
area does not show an obvious change before and after the
activation for both Pd and PdRh (Figure S23 and Table S1),
we sought further indicators as to the cause of the increased
selectivity to PG. DFT was applied to identify intermediates
and energetic steps along the reaction pathway, and for this, we
assumed a Mars−van Krevelen-like (MvK) mechanism
involved in the adsorption of propylene, the introduction of
lattice OH (on the surface of the Pd/PdRh catalyst) into the
hydrocarbon intermediate, the regeneration of lattice OH, and
the desorption of propylene glycol (Figures 4D, S24, and S25).
We found that introducing Rh causes the desorption of
C3H8O2 to become spontaneous in the final step of the
reaction pathway, in contrast to the barrier when pure Pd is
used. To analyze the DFT results, we compared the FE for
other products in the cases of Pd vs PdRh. Acetate, formate,
acetaldehyde, and lactic acid are the main overoxidized liquid
products, with only traces of CO2. PdRh shows a higher partial
current density and lower overoxidized product concentration
at potentials from 1.05 to 1.2 V vs Ag/AgCl (Figure S26), in
agreement with the DFT predictions.

We examined the stability in the highest-performing catalyst,
PdRh-5 atom %, operating over 100 h at 1.5 V vs reversible
hydrogen electrode (RHE) (Figure 4E). We associate the
slightly decaying current density and FE after long periods of
operation with the continuously decreasing pH and an
increased concentration of propylene glycol and overoxidized
products in the anolyte (Figure S27, Table S3). When portions
of the electrolyte were replaced with fresh electrolyte every
10−20 h to limit the concentration of liquid products, we
found that the FE was stabilized at 75% for propylene glycol at
around 5 mA/cm2, with a selectivity (the rate of propylene
glycol formation relative to total oxidized propylene products)
asymptoting to 93%.
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■ CONCLUSIONS
We report the direct electrochemical production of propylene
glycol, a commodity chemical having a high carbon intensity
today. Reconstruction of near-surface Pd under an anodic
potential at pH 3−10 enables an increase in the selectivity
toward propylene glycol. We suggest that metal hydroxide
stabilized by an applied anodic potential provides catalytic
activity. Rh-doped Pd reduced the energy required for
propylene glycol formation and desorption and led to 75%
FE for propylene glycol without decay over 100 h of operation.
The metastable hydroxide phase that enhances the propylene
glycol selectivity can potentially be further developed and
applied in other hydrocarbon oxidation reactions. By studying
the interplay of pH and potential on catalyst activation and the
dopant effect, it may be possible to develop additional catalysts
whose active sites are stable on a high-surface-area substrate,
ideally one that operates on a gas diffusion electrode to enable
higher current densities. The conversion of propylene to
propylene glycol at the anode is an example of a reaction that
can be paired with cathodic processes to increase the efficient
utilization of scarce low-carbon electricity from both economic
and carbon-intensity viewpoints.

■ METHODS
Materials. All chemicals used here, including potassium

hexachloropalladate, potassium hexachloroplatinate, rhodium nitrate
solution, sodium hexachloroiridate, ruthenium chloride hydrates, gold
chloride, silver nitrate, tin chloride, palladium oxide particles, sodium
perchlorate, and perchloric acid, are purchased from Sigma-Aldrich.
The Nafion 117 membrane, Pd foil, and Pt mesh are purchased from
the Fuel Cell store. Deionized (DI) water (18.2 MΩ) was used for all
of the electrolyte preparations. The N2 gas and propylene gas
cylinders are purchased from Linde gas.
Catalyst Synthesis. The pure Pd sample was prepared using

electrochemical deposition technique in a solution consisting of 2 mM
K2PdCl6 and 0.5 M H2SO4 with stirring. The electrolytic cell used for
electrodeposition consisted of a 3-mm-diameter glassy carbon
working electrode (used as the substrate for electrodeposition), a 2
cm × 2 cm Pd foil counter electrode, and an Ag/AgCl (3 M KCl)
reference electrode. The stir rate was kept constant at 1200 rpm
throughout the reaction. The Pd alloy samples, Pd−Rh, Pd−Pt, Pd−
Ru, Pd−Ir, Pd−Ag, Pd−Au and Pd−Sn, are prepared with the
addition of Rh(NO3)3, K2PtCl6, RuCl3, Na2IrCl6, Ag(NO)3, AuCl2,
and SnCl2 in the original precursor solution. The four different alloy
precursors were prepared by adding each metal salt, Rh(NO3)3,
RuCl3, AuCl3, and SnCl2, into the Pd electrodeposition precursors to
synthesize 2, 5, 10, and 15 atom % final solutions, respectively. The
electrodeposition was operated under −1 V vs Ag/AgCl for a duration
of 15 min. The sample was then taken out, washed with DI water, and
dried with nitrogen before any further tests. The pure Ru, Rh, and Au
samples were prepared using the same electrochemical deposition
technique as the pure Pd sample, but with 2 mM RuCl3, Rh(NO3)3,
and AuCl2 respectively.
Electrochemical Measurement. All electrochemical measure-

ments were performed using an electrochemical station (Autolab
PGSTATS204) and carried out in a glass H-cell with a 3-electrode
setup: electrodeposited Pd-based catalyst on a glassy carbon working
electrode, a Pt foil counter electrode, and an Ag/AgCl (3 M KCl)
reference electrode. A Nafion 117 membrane was used to separate the
anode and cathode chambers. The electrolytes used for the test were
0.1 M perchlorate aqueous solution with a volume of 25 mL in both
the anode and cathode chambers. The pH was adjusted with the
amount of perchloric acid in the electrolyte. Propylene was bubbled
into the anode chamber continuously at a rate of around 15−20 sccm.
All tests start after propylene bubbling for 5 min to reach saturation.

The propylene oxidation performances were tested in this h-cell
setup under potentiostatic mode. A stir bar was placed in the anolyte

chamber below the working electrode, and the stir rate was kept
constant at 1200 rpm during the constant voltage tests. All of the tests
were not iR compensated. 1 mL aliquots of the electrolyte were
subjected to NMR spectroscopy for product characterization during
the tests, and the same amount of fresh electrolyte was replenished.

Cyclic voltammetry (CV) was performed in the same h-cell setup
that was used for performance evaluation and saturated with either
nitrogen or propylene through continuous bubbling. Electrodeposited
Pd, Ag/AgCl (3 M KCl), and Pt mesh were used as the working,
reference, and counter electrodes, respectively. Perchloric acid and
potassium perchlorate are used to adjust the pH of the electrolyte,
with the total perchlorate concentration controlled at 0.1 M. The scan
rate was kept constant at 20 mV/s. A Nafion 117 membrane was used
to separate the anode and cathode chambers. The current−voltage
profile was not iR compensated. All potentials were converted to the
RHE scale via the following equation

E E(RHE) (Ag/AgCl) 0.059 pH 0.197= + × +

Material Characterizations. The electrodeposited Pd was
characterized by scanning electron microscopy (Hitachi S-5200)
and transmission electron microscopy (FEI Titan 80-300 LB). The
PdSn, PdRu, and PdRh alloy compositions were tested using ICP-
OES (Agilent 700). X-ray photoelectron spectroscopy (XPS) was
carried out in an electron spectroscopy for chemical analysis (ESCA)
device (PHI 5700) with Al Kα X-ray energy source (1486.6 eV) for
excitation. XRD patterns were obtained by a benchtop X-ray
diffractometer (Miniflex, Rigaku). Raman tests are carried out using
a Renishaw inVia Raman Microscope and an in situ lens with a water
immersion objective (HCX APO L 63x/0.90 W UV Immersion). A
custom-made cell was used to carry out in situ Raman spectroscopy. A
laser wavelength of 532 nm was used as the excitation source. The
laser power was kept lower than 0.20 mW in all experiments to
minimize sample damage. A Raman spectrometer was calibrated with
Si. The alloy composition was determined via ICP-OES on an Agilent
700 Series ICP-OES spectrometer operating in axial mode. ICP
samples were prepared by dissolution in diluted aqua regia solution.

1H NMR spectroscopy (600 MHz Agilent DD2 NMR
Spectrometer) was performed to measure the content of propylene
glycol in the final electrolyte. Dimethyl sulfoxide was used as the
reference standard for quantifying the product, and D2O was used as
the solvent for the product. The faradic efficiency was calculated using
the equation below:

N F n Qfaradaic efficiency (%) /product= × × =

where N is the number of electrons transferred, F is the faradic
constant, nproduct is the total moles of products, and Q = i × t is the
total charge passed during the experiment.

Reference standard solution: 35 mg of DMSO is first mixed with
5500 mg of D2O (solution 1). Solution 1 is then further diluted, and
120 mg of solution 1 is mixed with 7800 mg of D2O, which is the final
reference standard solution. The exact weight of each chemical
mentioned above might vary among different batches. In the final
samples that are used for the NMR test, 100 μL of the reference
standard solution is added into 600 μL of the final electrolyte, and the
final concentration of DMSO in the solution is in the ppm level (3−5
ppm). Based on the area ratio between DMSO and propylene glycol
peak, we are able to calculate the values of nproduct and FE. An example
of the spectrum is provided in the Supporting Information Figure S29.
Energy Efficiency Calculation. The energy analysis is carried out

on propylene oxidation on an anode coupled with the hydrogen
evolution reaction on the cathode. For each ton of propylene glycol
produced at the anode, 0.046 tons of hydrogen are also produced at
the cathode. We calculate the electricity cost to produce each ton of
propylene glycol as follows

energy cost (GJ/ton)

1000000/(62 g/mol) 96485 C/mol 2/FE

voltage/1000000000

= × ×

×
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At a full cell of 2 V and 75% FE for propylene glycol, the electricity
energy cost per ton of propylene glycol produced is around 8 GJ, a
reaction also accompanied by the generation of 0.046 tons of
hydrogen, which corresponds to 5.6 GJ using a higher heating value
(HHV) of 120 GJ/ton.
Computational Studies. Spin-polarized density functional theory

(DFT)36 was performed using the Vienna Ab Initio Simulation
Package (VASP).37,38 The Perdew−Burke−Ernzerhof (PBE) func-
tional was used to represent the exchange−correlation of the Kohn−
Sham equation,39,40 and the projector-augmented wave (PAW)
approach was utilized to describe the electron−ion interactions.41

Grimme’s DFT-D3 method was employed to include long-range
dispersion interactions.42,43 The implicit solvent model was used to
consider the solvent effect as implemented in VASPsol.44 The kinetic
energy cutoff was set to 450 eV, and the Brillouin zone was sampled
by a 2 × 2 × 1 Mokhorst−Pack k-point grid.45 Structures were relaxed
until residual forces were less than 0.02 eV/Å and the energy
difference was smaller than 10−5 eV.

We selected a stoichiometric PdO(101) slab model to represent
the oxidized Pd surface, as PdO(101) is the most commonly observed
oxide surface on Pd(111) and exhibits higher activity compared to the
PdO(100) and Pd(110) surfaces.46−49 A four-layered supercell with
64 Pd and 64 O atoms was constructed, with the atoms in the bottom
two layers fixed in their bulk positions. For the Rh-doped PdO(101),
we examined two potential substitutional positions: surface and
subsurface. We determined that the subsurface position is
thermodynamically favorable and utilized it for subsequent adsorption
calculations. To account for the surface hydroxyls observed in the
experiment, we fully saturated the surface oxygen atoms of PdO(101)
and Rh-PdO(101) with hydrogen atoms, creating a layer of lattice
OH. For all slabs, a vacuum spacing of at least 15 Å along the normal
direction to the surface was set to avoid image interaction.
Chemical Commodity Prices. All data related to the chemical

commodity prices and carbon footprint are acquired in the reference
literature and collaboration partners. Most of the chemical
commodity prices are taken with reference to the chemanalyst Web
site via doi: https://www.chemanalyst.com/Pricing/Pricingoverview
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