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Abstract

The electrochemical synthesis of commodity chemicals, such as epoxides and glycols, offers a
sustainable alternative to conventional methods that involve hazardous chemicals. Efforts to
improve the yield and selectivity of propylene oxidation using Pd-based catalysts have shown
to be highly sensitive on applied potential, pH and electrochemical cell design. Record
efficiencies and yields were obtained by substitution of PdO by 4d or 5d transition metals,
including Pt, with thus far little rationale regarding the origin for the improvement. Through
electrochemical analysis, scanning transmission electron microscopy, X-ray absorption
spectroscopy, and surface-enhanced infrared absorption spectroscopy, we investigated the
mechanism of propylene oxidation on Pd-based catalysts. We demonstrate that adsorbates
forming on PdO, where Pd adopts a square-planar coordination [PdOs], differ from that
forming on the surface of oxidized metallic Pd catalysts, with an oxo intermediate mediating
propylene oxidation on PdO. We further show that Pt substitution in PdO does not modify this
oxo intermediate. Varying pH, we found that the onset for propylene oxidation is pH-
independent, indicating the potential-determining step where the proton is not involved in and
similar reaction pathway in acidic and near-neutral conditions. Finally, our work undoubtedly
demonstrate that, high Faradic efficiency towards propylene glycol and propylene oxide
formation, such as those previously reported in the literature, can be achieved by electrode
engineering means and mastery of mass transport and local pH. Notably, we achieved =100%
faradaic efficiency for propylene glycol at 1.7 V vs. RHE in acidic media using Pt-substituted

PdO catalyst loaded onto a gas diffusion electrode.



Introduction

The electrochemical synthesis of commodity chemicals, including those formed by the

reduction of COa (alcohols, etc.)? and N2 (ammonia, etc)®*

, or the anodic epoxidation of
olefin®>2°, has attracted significant attention in recent years. When powered by renewables,
electrosynthesis routes can provide a sustainable alternative to more energy intensive reactions
requiring high-temperature and/or high-pressure. A wealth of electrochemical reactions has
thus been developed, allowing the forging of useful chemical bonds and functional groups, and
making possible the production of natural compounds for which chemical synthesis has no

practical solution. However, to compete with well-established processes, selectivity and yield

must be perfectly controlled.?!

Propylene is a highly versatile chemical yielding various products as function of pH and the
applied potential (Figure S1). Among these, propylene glycol (PG) and propylene oxide (PO)
stand out due to their wide range of applications in the production of polymers, pharmaceuticals,
and antifreezing applications.?? PO is typically produced by the chlorohydrin process or a
hydrogen peroxide-based method, while PG is synthesized by the hydrolysis of PO.?>"% These
conventional processes require hazardous chemicals, including Clyg and H202q), and high
temperatures. 222527 In contrast, the electrochemical oxidation of propylene using water as the
sole oxygen source has been increasingly studied as a cleaner alternative that avoids the
formation of hazardous by-products.’®2° However, poor selectivity remains a significant
challenge due to competition with the oxygen evolution reaction (OER) at high anodic

potentials over 1.4 V vs. RHE.

Pd-based catalysts, known to be poor OER catalysts, have been widely studied for their ability
to selectivity oxidize propylene. Oxidation of allylic carbon from propylene occurs at low

potentials (below 1.2 V vs. RHE) in 0.1 M HCIO4 on Pd metal surface,’® resulting in the



formation of acrolein, acrylic acid, and allyl alcohol. In contrast, at potentials exceeding 1.2 V
vs. RHE, the vinyl group is primarily oxidized, leading to the production of PG with a Faradaic
efficiency (FE) of 13%. X-ray absorption spectroscopy (XAS) and density functional theory
(DFT) calculations revealed that PG forms on the oxide monolayer forming on the surface of
Pd in anodic conditions.}”*® Using attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy, it was later demonstrated that the vinyl carbon adsorbs onto PdO
surface and subsequently reacts with lattice oxygen to produce PG with an FE of 25% at 1.4 V
vs. RHE.? The mechanism by which propylene oxidize on Pd-based catalysts is therefore well
understood at potentials less anodic than the OER onset potential, while at potentials greater

than 1.4 V vs. RHE, where high current densities can be achieved, the FE remains limited.

Due to its tendency to rapidly hydrolyze into PG in acidic solutions, PO can only be
detected/produced under near-neutral conditions unlike PG which is formed readily in acidic
conditions. Recently, Pt-substituted PdO catalyst was reported to achieve ~ 60% FE in both an
hybrid H.O/acetonitrile electrolyte and a phosphate buffer solution (PBS, pH 6).1* Similarly,
the formation of PG was observed under near-neutral solutions with a 75% FE on Rh-doped
Pd, alongside a small amount of PO. Using operando Raman spectroscopy coupled with DFT
calculations, the authors proposed that propylene is directly oxidized into PG following the
formation of an hydroxy intermediate. Nevertheless, PG was also observed under strongly
acidic conditions, where the formation of a hydroxide layer is unlikely, and when using
unbuffered solutions,?® making it possible that PO is initially produced before being hydrolyzed
to PG. Despite its fast hydrolysis, report of PO production in acidic solution was made, with
nonetheless the necessity to use a specialized electrochemical cell setup in which PO is
separated from the acidic medium and transferred into an organic solvent.!®?° Hence, chemicals
produced by the oxidation of propylene vary significantly depending on the pH of the solution

and the design of the electrochemical cell, with thus far no precise design rationale for the latter.



Additionally, controversy exists regarding the mechanism by which PG forms, either via the
hydrolysis of PO electrochemically generated, suggesting a shared oxidation mechanism and
intermediates, or through a distinct, independent mechanism during propylene oxidation.
Finally, the role of substitution in the propylene oxidation mechanism and enhanced

performance of PdO remains poorly understood.

In pursuit of design principles to enhance the efficiency of propylene oxidation reactions, we
investigate in this work how factors including pH, formation of oxygenated surface
intermediates and cell design impacts the yield and selectivity of Pd-based catalysts towards
production of PG and PO. For that, we compared metallic Pd catalyst with PdO., while results
obtained with Pt-substituted PdO were compared with that collected for PdO and Pt to reveal
the effect of Pt substitution. By comparing the electrochemical oxidation mechanism of
propylene in acidic media, we illuminate using surface enhanced infrared absorption
spectroscopy (SEIRAS) that the stark difference in selectivity and activity for oxidized Pd
surface and PdO is nested into the presence of an oxo intermediate forming on square planar
geometry only observed for PdO. Furthermore, we reveal that Pt-substitution does not result in
a change in reaction intermediates. Instead, by varying pH and conducting electrolysis
experiments using different electrochemical cell designs, we demonstrate that high FE
previously reported for Pd-based catalysts originate from extrinsic factors, rather than intrinsic
properties. Indeed, our results revealed that Pt-doped PdO can achieve 100% FE for PG in 0.1
M HCIO4 and 50% FE for PO in PBS using hydrophobic coatings and a gas diffusion
configuration. Overall, our study points that careful design and environmental conditions can

significantly influence experimental outcomes.



Result and discussion

Characterization of electrocatalysts. Proton nuclear magnetic resonance (\H-NMR) was first
used to confirm that PO is fully converted into PG in acidic conditions (pH < 3), while at near-
neutral conditions previously reported to produce PO, i.e. pH 4—7, PO is found to partially and
almost fully convert into PG after 3 days and 3 weeks, respectively, and that even at pH 7
(Figure 1 and Figure S2). As a result, electrochemical oxidation of propylene must be
conducted under near-neutral conditions to observed the production of PO, and the PO must be

collected promptly to minimize conversion to PG.
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Figure 1. Chemical stability of PO. "H-NMR spectra of PO containing solutions with pH
ranging from 2 to 7. The 'H-NMR spectra were taken immediately after the sample preparation
(a), after 3 days (b), and after 3 weeks (c). Small peaks aside to PG are from residual ethanol

and isopropanol after cleaning NMR tubes.

Having shown that PO hydrolysis is complete and almost spontaneous in acidic conditions, we



then focused our efforts on screening the effect of coordination, oxidation state and Pt-
substitution on the yield and rate for propylene oxidation in both acidic and neutral conditions
and compared these results with those obtained for IrO», considered as a good OER catalyst.
Pd, Pt, PdO, and IrO, nanoparticles were synthesized using the polyol method.?*3! X-ray
diffractograms indicate the formation of the desired phases, with some minor secondary phases
(Figure 2a—d). STEM high-angle annular dark-field (HAADF) images (Figure 2e—h) reveal a
well-defined surface with clear atomic columns. Metallic catalysts (Pd and Pt) exhibit 5—10
nm particle sizes, while oxides (PdO and IrO>) range from 10 to 20 nm. Furthermore, electron
dispersive spectroscopy (EDS) mapping images demonstrate homogeneous distribution of Pd
and Ir throughout the catalysts without any segregation (Figure S3—4). The combined analysis
of XRD, HAADF, and EDS indicates the synthesis of well-defined crystalline catalysts with

minimal secondary phases.
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Figure 2. XRD and STEM HAADF images of as-synthesized catalysts. (a)—(d) show the XRD
data of Pd, Pt, PdO, and IrO,, respectively and (e)—(h) the HAADF images. The scale bars in

HAADF images represent 5 nm.



The electrochemical oxidation of propylene in aqueous system was first investigated for the
different catalysts in a rotating disk electrode (RDE) configuration, in Ar- and propylene-
saturated 0.1 M HClO4 (Figure 3 and Figure S5-6). For Pd catalyst (Figure 3a), a single pair of
redox peak is observed in the Ar-saturated solution, with a broad oxidation peak visible at 1.1
V vs. RHE and a sharp reduction peak at 0.58 V vs. RHE corresponding to the formation and
reduction of the oxide monolayer on the surface of Pd, respectively.>*° In the propylene-
saturated solution, a significantly larger oxidative current is detected, likely due to the oxidation
of the allyl group in propylene or the desorption of carbon-based adsorbents.!>!® Pt metal
exhibits a similar trend to Pd, with the formation of a PtO surface monolayer at 1.3 V vs.
RHE,***7 and a more pronounced oxidation peak observed in propylene-saturated solution
(Figure 3b). By contrast, PdO shows only a small reduction peak at 0.7 V vs. RHE in the Ar-
saturated solution without any observable oxidation peak, indicating that Pd(II) is not further
oxidized (Figure 3c). In propylene-saturated solution, the anodic current is again found to
increase at high potentials. For IrO,, several redox waves are detected in the CV, and are found
independent on the presence of propylene (Figure 3d). The oxidation peaks at 1.19 V vs. RHE
and 1.4 V vs. RHE may correspond to the formation of *OH (H2O — *OH + H* + ¢") and *O
(*OH — *O + H* + e) adsorbates, respectively, as previously discussed.*®*° The oxidation
peak at 1.4 V vs. RHE is difficult to discern due to the onset of the OER, but its position can
be inferred from the cathodic peak at 1.35 V vs. RHE. In summary, an oxide monolayer is found
to form on the surface of Pd and Pt metals at 0.9—1.35 V vs. RHE, oxygenated adsorbates are
likely formed on the surface of IrO2, while no electrochemical sign of surface oxidation was

observed for PdO.

Figure 3e—fillustrate the CV collected for these catalysts within the OER range. In Ar-saturated
solutions, IrO> demonstrates the highest OER activity, followed by Pd metal, PdO, and Pt metal.

However, in propylene-saturated solutions, the trend changes significantly. Pd metal and PdO



exhibit little to no difference in propylene-saturated solutions, with only a slight increase in
oxidative current recorded (Figure 3e). In contrast, there is a notable decrease in anodic current
for IrO; and Pt metal (Figure 3f). We hypothesize that the adsorption of propylene hinders
water access to the active sites due to the stronger carbon binding energy on the surfaces of Pt
metal and IrO,, thus decreasing the OER activity.*' Furthermore, clear evidence for the
oxidation of PdO at OER potentials is observed after 2 hours of chronoamperometry (CA) at
1.6 V vs. RHE in propylene-saturated 0.1 M HCIO4 (Figure S7), with a reduction peak recorded
at around 1.3 V vs. RHE during backward LSV scan. This observation indicates that further

oxidation of Pd (II) into Pd (IV) occurs near 1.6 V vs. RHE.
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Figure 3. CV curves collected in Ar- and propylene-saturated 0.1 M HClO4 solutions in a
potential range between 0.2—1.4 V (vs. RHE) for (a) Pd, (b) Pt, (¢) PdO, and (d) IrO>. CV
curves collected at greater anodic potentials (0.2—1.8 V vs. RHE) are presented on (e-f). All the

CV curves are collected with a scan rate of 50 mV/s.



Electrocatalysis of Propylene. Electrolysis experiments were then carried out using RDE
electrodes under CA conditions, before quantification of the products by 'H-NMR
spectroscopy (Figure S8). For Pd, PG is produced post-formation of the oxide layer on the
surface (Figure 4a), i.e. at potentials greater than 1.1 V vs. RHE (Figure 3a and Figure S9a),
corroborating previous studies.!*!>!8 The maximum FE (~23%) for PG formation is observed
between 1.35 and 1.40 V vs. RHE. At potentials greater than 1.4 V vs. RHE, even though the
partial current density associated with PG formation increases exponentially, the FE declines
due to the overwhelming influence of the OER (Figure S11). A similar trend is noted for the Pt
surface (Figure 4b and Figure S9b) for which the highest FE for PG formation is measured at
1.6 V vs. RHE; after that, oxide monolayer is formed and the OER becomes predominant.
Furthermore, while Pt achieves a slightly higher FE (~27%) than Pd, the partial current density
for PG formation is found significantly decreased compared to Pd. Besides PG, acetone was
detected at low potentials likely following the homogeneous chemical reaction of propylene
with dissolved metal ions, as previously reported CH,CHCH3 + Me** + H,O = CH3;COCH; +
Me + 2H".!3!5 Additionally, the C—C cleavage product, acetic acid, was observed, and we
anticipate that a certain amount of CO; is generated during the reaction. This was accounted
for when calculating the FE for different catalysts. However, we did not specifically focus on

this product in this study.

For PdO, the onset for the production of PG is observed at 1.45 V vs. RHE (Figure 4c),
coinciding with the oxidation peak of Pd(II) to Pd(IV) (Figure S9c). The FE peaks at 1.6 V vs.
RHE, where the OER current starts to dominate. Notably, PdO exhibits a significantly higher
FE (55%) than Pd metal. This stark contrast suggests that structural differences between PdO
and oxidized Pd surface play a crucial role, as discussed in the next section. Finally, no PG was
detected below 1.5 V vs. RHE for IrO; (Figure 4d). Above that potential at which an anodic

wave corresponding to the formation of Ir*O was previously observed, PG is formed, albeit



with low FE. Hence, for both PdO and IrO,, the formation of PG is found concomitant with
surface oxidation. This finding may indicate that oxo species forming on the surface of metal
oxides are crucial intermediates for the formation of PG, while also serving as an intermediate
for the OER, as previously discussed.>****? As a result, propylene oxidation would compete
with the OER by sharing the same intermediates, with the OER requiring greater overpotential
as a result of slow kinetics associated with steps including deprotonation and O—O bond
formation.***>4%5 For all these catalysts, the formation of acetone stops once the surface is
oxidized, suggesting that the surface oxide layer or oxo groups passivate the surface and inhibit

the dissolution of the catalysts.
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Figure 4. Electrochemical oxidation of propylene in 0.1 M HCIO4. The average partial current
density and Faradaic efficiency on (a) Pd, (b) Pt, (c) PdO and (d) IrO2 during 2 hours of CA
test are shown. (e) is a schematic figure showing difference in propylene oxidation between Pd

and PdO.

Structural effect. Structural differences between Pd and PdO were studied after oxidation
using STEM, XAS and X-ray photoelectron spectroscopy (XPS). Figure 5a—b show STEM
HAADF images of Pd and PdO surfaces after two hours of CA at 1.40 V vs. RHE and 1.60 V
vs. RHE, respectively. For Pd, the surface remains very clear and crystalline after oxidation
(Figure 5a and Figure S13, as confirmed by EDS mapping after CA (Figure S12). Additionally,

the extended X-ray absorption fine structure spectroscopy (EXAFS) data shown in Figure 5d



indicate that Pd does not undergo any crystallographic changes upon electrolysis. In contrast,
the X-ray absorption near edge spectroscopy (XANES) data shown in Figure 5¢ and XPS
spectra shown in Figure S14 indicates a slight increase in Pd oxidation state, suggesting the
formation of surface oxide layer under anodic conditions. However, the structure of this oxide
layer remains unclear. Previous studies suggest the formation of an a-PdO monolayer on the
surface, which has a lattice structure distinct from bulk PdO. On the other hand, for PdO, the
HAADF images in Figure 5b and Figure S15b show that an approximately 1 nm thick
amorphous layer forms on the surface, concomitant with the slight increase in oxidation state
observed in the XANES and XPS data (Figure 5c and Figure S14). The EXAFS spectra shown
in Figure 5e remain largely unchanged, with only a slight decrease in intensity after the CA
experiment. Although PdO loses its crystallinity during the CA test and an amorphous layer
occurs on the surface, the FE remains high during prolonged experiments (Figure S16). This

suggests that the local structure of the amorphous layer closely resembles that of bulk PdO.
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Figure 5. Structural effect in propylene oxidation. STEM HAADF image of (a) Pd and (b) PdO
after 2 hours of CA at 1.4 V and 1.6 V in propylene-saturated 0.1 M HClOs, respectively.
XANES spectra of both catalysts before and after CA are plotted on (c) and EXAFS data on

(d) and (e). The crystal structure of PdO is presented Figure S17.

Pt substitution effect. Previous studies have demonstrated that substitution of Pd-based
catalysts can significantly enhance the efficiency of propylene oxidation to PO in near-neutral
solutions; this is specifically the case for Pt substitution in PdO.!"' To investigate the effect of
Pt substitution under strongly acid conditions, we substituted 25% of Pd atoms by Pt and
synthesized Pt25%-PdO. The XRD pattern collected for Pt25%-PdO resembles that of PdO
(Figure S18), with a slight shift to lower angles due to the larger ionic radius of Pt compared
to Pd. The homogeneity of the sample was further confirmed by EDS, with no secondary phases
or segregation observed. Comparing the CV curves to those of Pd and Pt metal in Figure 3a-b,
the redox features in the CV curves appear similar to those previously observed for Pt (Figure

S19). Additionally, a cathodic feature corresponding to the desorption of oxo adsorbates, alike



previously detected on the surface of PdO, is observed at 1.4 V vs. RHE (Figure S19c¢).

CA experiments were then conducted. At 1.6 V vs. RHE, a 67% FE towards PG is obtained,
12% greater than previously measured for PdO (Figure 6a). Compared to previous studies,
significantly higher FE are achieved in this work in 0.1 M HCIO4 (FE around 25% were
previously reported).!>!3 Furthermore, a significantly higher average current density,
normalized by the geometric area of the glassy carbon electrode, of 1.82 mA/cmgeo” at 1.6 V
vs. RHE was measured compared to PdO (0.16 mA/cmgeo?). Subsequently, the surface areas of
PdO and Pt25%-PdO were measured following two methods: the Brunauer, Emmett and Teller
(BET) area for gas adsorption and the electrochemically active surface area (ECSA). While
BET surface area shows very similar values of 6.3077 m?/g and 7.0159 m?/g, respectively, they
are contradicted by the ECSA values that show a surface 8 times greater for Pt25%-PdO (Figure
S20-21). In light of previous discussion regarding the accuracy and limitations of ECSA
analysis,*® values were normalized by the BET surface area. Using this approach, although Pt
substitution only marginally increase the FE of PdO, we find that it likely enhances the current

density in the acidic media and thus the intrinsic turnover frequency per active site.

To detect any morphological or structural changes occurring under anodic conditions, STEM
HAADF and annular bright field (ABF) images were taken for Pt25%-PdO after the CA at 1.60
V vs. RHE (Figure 6b and Figure S22). Pt25%-PdO catalyst shows a clear and crystalline
surface after 2 hours of CA (Figure 6b). To understand changes in local geometry and oxidation
state, XANES, EXAFS and XPS were collected before and after 2 hours of CA at 1.6 V vs.
RHE (Figure 6¢—d and Figure S23—24). The XANES and EXAFS are found to remain largely
unchanged (Figure 6¢—d), indicating that the bulk oxidation states and lattice structure are
unaltered. However, a slight shift in the XPS spectrum to higher binding energy suggests a

minor increase in the oxidation states at the surface (Figure S24). One important feature to note



is the splitting of the metal-metal peak, indicating two characteristic distances when
substituting Pd by Pt (See crystal structure in Figure S17). Nevertheless, as discuss above, this
does not dramatically impact the electrochemical performance of the catalyst, which shows
similar current density and only slightly better FE. However, after 8 hours of CA, an amorphous
layer of less than 1 nm of is observed by STEM (Figure S22b), indicating that degradation

occurs during prolonged tests.
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Figure 6. Propylene oxidation on Pt25%-PdO. 2 hours of CA test were conducted in propylene-
saturated 0.1 M HCIO4. Average partial current density and FE for PG and acetone are shown
in (a). HAADF and ABF image of Pt25%-PdO after 2 hours of CA at 1.6 V vs. RHE are
presented on (b). XANES and EXAFS spectra collected before and after CA are plotted in (c)

and (d), respectively.

To probe reaction intermediates, operando-ATR-FTIR spectroscopy of the electrode/electrolyte
interfaces was carried out. The change in absorbance for Pd, PdO and Pd25%-PdO catalysts
deposited onto Au electrodes is measured with respect to the initial state of the electrode

recorded at an applied potential of 0.8 V vs. RHE, during anodic polarization by steps of 0.1 V



followed by cathodic polarization (Figure S25). Figure 7a and Figure S26a shows the potential-
dependent spectra recorded for PdO in propylene-saturated 0.1 M HCIO4. With increasing
electrode potential, several bands develop. However, most of the peaks are largely unchanged
upon reversal of the stepping direction, indicating that they are likely arising from irreversible
changes of the electrode surface onto products and/or reactants accumulate (Please see Figure

S26 for details). 1

The band at 800 cm is only found in propylene-saturated electrolyte, where it shows
reversibility with potential, albeit with hysteresis. Such hysteresis is not unexpected, given the
complexity of the catalytic interface and the potential-induced changes noted above.
Irrespective, this observation establishes the clear potential-dependence of this band,
suggestive of a species that is not bound too strongly nor too weakly to the surface, a key
condition for a reaction intermediate. This FTIR signal can originate from either a metal-oxo
group, which typically appears near 800 cm™!, or a PO- or PG-related peak as the C-C bending

3051 in PO also appear near 800 cm”

of PG*"** and the symmetric stretching of the epoxide ring
I (Figure S27). To further probe the origin of this peak, one must first observe that this
intermediate does not show in Ar-purged 0.1 M HCIO4 (Figure 7b), conditions in which only
the OER occurs under anodic conditions. Therefore, this intermediate does not originate from
an oxo group shared with the OER. Subsequently, a series of spectra were collected using D>O-
and H»'®0O-containing electrolytes saturated with propylene (Figure 7c—e). In D20 (Figure 7e),
the band is found to be invariant, revealing that the intermediate is not protonated. Instead, it
is shifted to 760 cm™! in H2'30 electrolyte (Figure 7c—d), indicating an oxygenated intermediate
that is only observed in propylene-saturated electrolyte. We therefore ascribe this vibration to
the symmetric stretching of the epoxide ring in PO. During the first cycle in H»'*O electrolyte

(Figure 7c), the band at 800 cm™ is observed simultaneously with the band at 760 cm™, the

former disappearing during the second cycle (Figure 7d). This finding suggests that the peak at



800 cm™ originates from oxygen terminal groups initially present on the surface of PdO and
that are consumed by reacting with propylene. Furthermore, the peak at 800 cm™ appears
around 1.4 V vs. RHE, a potential that coincides with the onset of the anodic current observed
for PdO, suggesting that propylene oxidation proceeds sequentially, starting with the formation
of an oxo group, followed by the reaction of propylene with this group. Another interesting
feature noticed during the second cycle collected in H2'80 is the shift of the band at ~840 cm"
!'to ~815 cm!. Noting that this peak does not follow the applied potential but instead keeps
growing, and based on the peak position and the fact that the associated species contain oxygen,
we conclude that it arises from the propylene oxide epoxide ring that accumulate near the

electrode upon its production.

By comparing these results with those obtained for Pd metal, for which the band at 800 cm™! is
not observed, we conclude that this intermediate only forms on square planar coordination,
which is not observed for oxidized Pd surface (Figure S28). Finally, to comprehend the effect
of Pt substitution on PdO, similar measurements were collected with Pt25%-PdO (Figure 7f
and Figure S26f). Once again, the peak at 800 cm™! is detected, indicating that Pt substitution
does not modify the active site for propylene oxidation and that similar oxygenated
intermediate is formed. Following previous works,!” we propose that PG formation on PdO
and Pt25%-PdO follows the Eley-Rideal mechanism in which the vinyl group of propylene
interacts with the oxide and oxo adsorbates, forming a C—O—C triangular ring that subsequently
desorbs as PO before to be hydrolyzed in acidic conditions into PG. Our results suggest that
adsorbates responsible for propylene oxidation preferentially forms for Pd in square planar
coordination, for which undercoordinated apical sites are directly accessible (Figure 7g).
Instead, the oxide monolayer forming on the surface of Pd, for which the Pd-Pd bond distance
is much shorter than that in PdO (as observed in the EXAFS spectra Figure 5d—e), shows

different behavior compared to the PdO.
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Figure 7. Operando FTIR spectra. FTIR spectra of PdO were collected under varying applied
potentials in (a) a propylene-saturated solution and (b) an Ar-saturated solution. Isotope
labeling tests were performed using (c) H2'30-1% cycle, (d) H2'*0-2" cycle and (e) deuterated
solution are shown. Additionally, FTIR spectra of (f) Pt25%-PdO in a propylene-saturated

solution were obtained. (g) Schematic illustration of the intermediate and product are shown.

Propylene oxidation in different environments. Having established the design principles



controlling the selectivity and kinetics for propylene oxidation into PG in acidic conditions,
namely the presence of square planar local coordination onto which oxo intermediates reacting
with propylene are formed, our attention then turned to understanding if similar design
principles would apply in near-neutral environment. The electrochemical results obtained using
an RDE setup and the Pt25%-PdO catalyst in propylene-saturated phosphate buffer solutions
(PBS, 0.25 M sodium phosphate + 0.9 M sodium perchlorate) are shown in Figure S29. First,
a broad reduction peak is observed in CV scan at 1.0—-1.4 V vs. RHE (red arrow), indicative of
an oxidation event occurring at potentials greater than 1.4 V vs. RHE. Alike the results
previously obtained in acid, the FE for PO formation is found to increase after the anodic
activation of the surface (1.7 V vs. RHE). The maximum FE toward PO obtained under these
conditions was of 13% at 1.9 V vs. RHE, much lower than the FE towards the production of
PG previously measured in acid and much lower compared to previous report of FE: 51% and
60% in PBS and aqueous-organic hybrid electrolytes, respectively.!! To decipher the origin for
this large difference in FE as function of the electrolyte, PO was dissolved in the PBS solution,
and conditions similar to the RDE experiments were applied: the glassy carbon electrode was
rotated at 1600 rpm and propylene gas was purged over the headspace for 2 hours. The 'H-
NMR spectra collected after the experiment show that very little PO remains (Figure S30). This
observation indicates that the high volatility of PO, which has a low boiling point of 30°C,

induces its rapid evaporation after formation.

To achieve high-efficiency PO production, electrolysis experiments were carried out using a
gas-diffusion electrode (GDE) in place of the RDE setup. The electrodes were designed to
resemble conditions previously reported in flow cells!"'*?° (Figure S31 and see Methods
section for a full description). In brief, one compartment of an H-cell was filled with electrolyte
and completely sealed to avoid PO evaporation. The other compartment served as a gas

reservoir in which propylene was constantly flowing. The working electrode was positioned at



the center of the H-cell, and a substantial amount of Nafion was applied, facilitating gas
diffusion to the electrode surface while creating a hydrophobic interface to slow down the OER.
Figure 8a shows the FE obtained for propylene oxidation in 0.1 M HClIO4 and in PBS using
Pt25%-PdO. A significant increase in FE was observed in both solutions when compared to the
results gathered in RDE conditions. In PBS, i.e. in near-neutral conditions, a 51% FE towards
PO was achieved at 2.0 V vs. RHE, consistent with previous reports.'! In 0.1 M HCIOs (pH 1),
a 100% FE towards PG was achieved at 1.7 V vs. RHE. The large FE difference between the
RDE and GDE experiments is attributed to the cell design. Indeed, in the RDE setup, limited
amount of Nafion is used and both propylene and water have a relatively good access to the
catalyst surface (Figure 8b). However, the reaction is limited by the low concentration of
propylene dissolving in the aqueous solutions, in the order of 5.6 mM at 25°C.>? In contrast,
the use of GDE allows propylene to flow through the porous carbon electrode and reach the
Pd-based catalysts on the side opposite to the aqueous electrolyte.’® Additionally, the
substantial amount of hydrophobic Nafion applied to the electrode surface restricts excessive
water access, thereby largely suppressing the OER (See supplementary note 1). Therefore, by
increasing propylene activity and decreasing water activity, a higher oxidative potential (1.7 V
vs. RHE) can be applied in H-cell, leading to a larger production rate and an enhanced
propylene oxidation efficiency across both pH conditions. In short, our experiments show that
extrinsic factors are as, if not more, important when compared to intrinsic activity towards

propylene oxidation to achieve large FE towards the production of PG or PO.
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Figure 8. Propylene oxidation recorded using a gas-diffusion electrode (GDE) configuration.
CA experiments were conducted in 0.1 M HCIO4 and PBS using GDE setup. FE for PG and

PO are plotted in (a). Schematic figures showing difference between RDE and GDE

configurations are shown in (b).

Having demonstrated that the experimental setup significantly impacts the reaction outcome,
we next investigated the effect of pH on propylene oxidation. Propylene oxidation experiments
were conducted in the RDE setup under varying pH conditions. When comparing the results
on the RHE scale (Figure S32a), the Faradaic efficiency and the onset potential of the partial
current density for propylene-related products (PO and PG) shift significantly toward higher
anodic potentials as pH increases, whereas the onset potential of the total current density
remains largely unchanged. Instead, when plotted against the SHE scale, the maximum FE
occurs at similar potentials across different pH conditions (Figure 9a). Additionally, the onset
potential of the average partial current density is found independent on pH (Figure 9c). This

observation suggests the existence of a potential-determining step>* for the propylene oxidation



into PO and PG, for which proton is not involved, resulting in a pH-independent onset potential
for propylene oxidation to PO and PG. In contrast to the propylene oxidation, the average total
current density is shifted towards cathodic potential with increasing pH in the RDE
configuration (Figure 9b), owing to the OER current which becomes predominant as

thermodynamically shifted to cathodic potential with pH (Figure S34).

By combining the electrochemical results with ATR-FTIR data, a new mechanistic model for
propylene oxidation on Pd-based oxides is proposed (Figure 9d). Similar to the conventional
OER mechanism, (1) hydroxyl groups first adsorb onto the PdO surface, followed by (2) an
uncoupled proton-electron transfer step, leaving behind a negatively charged oxo species.
Subsequently, (3) propylene interacts with this oxo species, forming complex intermediates
detected via operando ATR-FTIR. Based on electrochemical results, the standard reduction
potential for this step is estimated to be approximately 1.3 V (vs. SHE). (4) Desorption of this
intermediate is likely facilitated by a chemical reaction, which explains the partial reversibility
of the peak at 800 cm™ with varying potential. Furthermore, our work indicates that the
propylene oxidation mechanism and the potential determining intermediates are similar in
acidic and near-neutral conditions; in other words, it suggests that PG is likely produced by the
hydrolysis of PO in acidic conditions, not by a direct electrochemical oxidation mechanism, in
agreement with previous conclusions.!®!” On the other hand, the onset potential of the total
current density shifts anodically by ~0.059 V per pH, indicating that a proton-coupled electron
transfer step is the rate-determining step for the OER, likely the *OOH formation as previously

observed.’>*
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In this study, we demonstrate that both intrinsic catalytic properties and extrinsic properties
explain the large FE observed for Pd-based catalysts towards PG and PO formation. Operando
ATR-FTIR experiments using isotopic labelling reveal the formation of surface oxo
intermediates forming on unsaturated PdO surface, while no such intermediate is observed for
oxidized Pd surface. These intermediates result from the reaction of surface oxo species with
propylene and differ from oxo intermediates involved into the OER. Furthermore, we
demonstrate that similar intermediates are formed on the surface of Pt-substituted PdO,
indicating that Pt substitution does not modify the active sites. Careful electrocatalytic study
further shows that Pt substitution does not alter the FE significantly, but likely enhances the
intrinsic activity of the catalyst in acidic media. Our work further highlights that the outcome
of this reaction largely depends on extrinsic factors independent on the catalyst but dependent
on the design of the electrochemical cell. Indeed, GDE used in H-cell setup prevents PO
evaporation while reducing water activity and increasing the accessibility of propylene in the
gas phase, all leading to a significant increase in FE found for Pt25%-PdO catalyst in both 0.1
M HCIO4 and PBS. Especially, 100% FE towards PG was achieved on Pt25%-PdO using GDE
in the H-cell configuration. Finally, by comparing the results obtained in acidic and near neutral
conditions, we demonstrate that the onset potential for propylene oxidation is pH independent
and that the reaction involves non-protonated oxo intermediates, as detected by operando ATR-
FTIR. This observation confirms that PG is formed in acidic conditions by the hydrolysis of
PO. Furthermore, it indicates the existence of a potential determining step for propylene
oxidation, which forms at around 1.3 V vs. SHE. Overall, our work highlights that both a careful
design of selective Pd-based catalysts coupled with a proper mastery of interfacial properties
including hydrophilicity and gas permeation properties are necessary to achieve sufficient
current densities and FE for propylene oxidation in aqueous electrolytes to be considered as a

viable synthetic alternative to more established routes.



Methods

Synthesis of catalysts. All catalysts in this study were synthesized using the polyol method?*~
31 with PdCL> (99.9%, Sigma Aldrich), HoPtCle-6H20 (37.5% Pt basis, Sigma Aldrich), and
IrCl3-xH>O (reagent grade, Sigma Aldrich) serving as metal precursors. A 1 mmol quantity of
the metal precursors was mixed in 120 mL of ethylene glycol (99.8%, Sigma Aldrich). To this
solution, 1 g of polyvinylpyrrolidone (PVP, Mw: 10,000, Sigma Aldrich) was added as a
capping agent under vigorous stirring. The solution was then refluxed at 160°C for 3 hours,
with Ar purging for metal synthesis and without purging for metal oxide synthesis. After the
reaction, the solution was cooled to room temperature and mixed with acetone in a 1:3 ratio,
and the resulting particles were separated by centrifugation at 7500 rpm for 10 minutes. The
particles were then washed again with a 1:3 ethanol and acetone mixture. The centrifuged
particles were collected in a crystallizing dish using acetone and dried in a vacuum oven at
80°C overnight. For the metal oxides, an additional heat treatment was conducted to oxidize
the particles by calcining them at 450°C for PdO, 500°C for Pt25%-PdO, and 550°C for IrO,,
all for 24 hours in an O atmosphere. To determine whether the particles were synthesized
properly, phase identification was performed by X-ray diffractometry (D2 Phaser, Bruker) with

a Cu Kq1/Kq2 source.

Electrochemical measurements. All electrochemical tests were performed using a VSP
potentiostat (Biologic). A 0.1 M HClO4 solution was prepared by mixing Milli-Q water (18.2
MQ-cm) with 70% HClIO4 (99.999%, Sigma-Aldrich). A 0.25 M phosphate buffer solution (pH
6) was prepared by combining NayHPO4 (99%, Oakwood Chemical) and NaH>PO4 (UPS grade,
Oakwood Chemical) with 0.9 M NaClO4 (98%, Oakwood Chemical) in Milli-Q water.

Electrochemical analyses were conducted in a three-electrode system using a leakless Ag/AgCl



electrode as the reference and a Pt wire as the counter electrode, with the counter electrode
separated by a glass frit to prevent the reduction of substrates and products. Uncompensated
resistance was measured by electrochemical impedance spectroscopy before each experiment,
and all experiments were conducted with 85% ohmic drop correction in the EC-Lab software.

The measured potentials were converted to the RHE scale using the following equations:
Erue = Emeasured + 0059]9H+ Eoref

Rotating disk electrode. We conducted the electrochemical tests with rotating disk electrodes
using a rotator (AFMSRCE, PINE research) at 1600 rpm. 13.1 mg of catalysts were mixed in
ethanol with acetylene black and 5-wt% Nafion dispersion (Nafion™ D520CS, Ion Power).
The total volume of the ink was 2 mL with a 10:1:1 mass ratio between catalysts, acetylene
black, and Nafion. After sufficient vortexing of the ink, it was sonicated for 1 h and drop-casted
onto a glassy carbon disk electrode (5 mm in diameter, PINE research) such that the amount of
catalysts loaded on the disk electrode was 0.4 mg/cm?. The electrode was then dried at 60°C in
a drying oven for 2h. Before the electrochemistry, the gas was bubbled directly inside the

electrolyte and purged at the headspace during the test.

Gas diffusion setup. For the H-cell experiment, hydrophobic carbon paper (Toray Carbon Paper
120, 5% wet-proofed, FuelCell Store) was punched into 19 mm-diameter disks and annealed
in a box furnace at 600°C for 1 hour in air to increase surface energy and remove surface
coatings that could affect electrocatalysis. The ink for the H-cell experiment was prepared by
mixing the catalyst in a water-ethanol solution (3:1 volumetric ratio) and sonicated for 1 hour.
The final ink contained 4 mg/mL of the catalyst without the addition of acetylene black or
Nafion. A volume of 92.1 pL of the ink was drop-cast onto the baked carbon paper and dried
at 80°C in a vacuum oven. This procedure was repeated three more times, resulting in a total

of 368.4 uL of ink being applied to the electrode. Following this, 92.1 uL of a 2-wt% Nafion



dispersion (prepared by diluting 5-wt% Nafion with water) was drop-cast onto the electrode

and then dried in a vacuum oven at 80°C for 2 hours.

Figure S31 shows the electrochemical cell setup of the H-cell. One part of the H-cell was
entirely filled with the electrolyte without any headspace and perfectly sealed to impede the
evaporation of PO. The opposite compartment was purged with propylene gas before the
electrochemical reaction, and a slow flow of propylene gas was maintained during the
experiment. The working electrode was positioned centrally between the two chambers, with
6 mm of the prepared electrode directly exposed to the electrolyte. Hydrophobic carbon paper
was placed at the back of the electrode to prevent electrolyte leakage and allow gas penetration
to the working electrode. A Leakless Ag/AgCl electrode was used as the reference, and Pt was
used as a counter electrode in the isolation chamber to prevent product reduction and pressure

build-up.

Product analysis. All products were quantified using '"H-NMR. After the electrochemical
reactions, 430 pL of electrolyte was directly transferred into an NMR tube along with 100 uLL
of 5 mM dimethyl sulfoxide (99.9%, Sigma Aldrich) as an internal standard, and a D>O insert
for lock. The 'H-NMR spectra were obtained using an NMR spectrometer (Advance Neo,
Bruker) operating at 500 MHz under water-suppression mode. Locking, shimming, tunning,
and gain setting were performed automatically. 64 scans were collected per sample. The data

were processed with MestReNova software for phase correction and background removal.

STEM and EDS. For TEM sample preparation, small amounts of synthesized particles were
dispersed in ethanol via sonication and dropped on the lacey carbon-supported copper grids
(Oxford Instruments). For samples after the CA, catalysts on the RDE were separated using
sonication in ethanol and then dropped on the TEM grids. HAADF and ABF STEM images

were taken with a transmission microscope (Titan Themis Z G3 Cs-corrected S/TEM, Thermo



Fischer Scientific) at 200 kV with a spherical aberration corrector. Element mapping with EDS
was also carried out using Themis Z G3 at 200 kV along with Super X-4 quadrant EDS detector
(ChemiSTEM™ technology). Pd La (2.8 keV), Pt Lo, (9.4 keV) and Ir La (9.2 keV) lines were
selected during chemical mapping. The probe current was adjusted to be 150 pA with a

scanning time of < 300 seconds.

XPS and XAS. For the XAS and XPS analysis, the samples were prepared on carbon paper.
The same ink for the RDE experiments were used. 50 pL of ink was dropped on the carbon
paper and dried in vacuum oven at 80°C for 2 hours. Post-CA test, samples were rinsed with
DI water and dried by air blowing. The valence state of Pd at the surface of the catalysts was
investigated by XPS analysis. Ex-situ XPS spectra of Pd 3d was collected using X-ray
photoelectron spectroscope (K-Alpha XPS, ThermoFisher) with monochromatic Al-K,
radiation (1486.7 eV) and flood gun emission of 150 pA. Ex-situ XAS spectra of Pd K-edge
was collected in X-ray fluorescence mode. Measurements were carried out at the 7D beamlines
of PLS-II for Pd metal and PdO and at the BAMIine of BESSY II (Helmholtz-Zentrum Berlin
fiir Materialien und Energie) for Pt25%-PdO. Fourier transforms were performed between 20
and 550 eV (2.3 to 12.0 A" relative to Eo = 24.35 keV using a Cosine window applied to 0.1%

of the data.

ATR-FTIR. Electrode preparation. Au thin films were electrolessly deposited onto Si wafers
with micromachined grooves (dimensions: 11 mm x 9 mm x 0.5 mm; 35° groove angle,
IRUBIS GmbH) according to a reported method.** After the deposition of the Au thin films,
the ink containing the catalysts (Pd, PdO or Pt25%-PdO, the same ink for the RDE) was cast
on the Au films, achieving 0.2 mg/cm?, and the films were dried in the vacuum oven at 80°C

for 2 hours.

ATR-FTIR spectroelectrochemistry settings. The catalyst/electrolyte interface during



electrochemical propylene oxidation was monitored with FTIR spectroscopy in attenuated total
reflection (ATR) mode. A Bruker Vertex 70 FTIR spectrometer equipped with a liquid-
nitrogen-cooled MCT detector (FTIR-16, Infrared Associates) was used. An infrared longpass
filter (cut-on wavelength: 2.4 pm, #68653, Edmund Optics) was installed in front of the
detector. The angle of incident infrared radiation was 50°, which is the optimum angle for the
used p-groove ATR wafer. The prepared electrode was assembled into a customized polyether
ether ketone spectroelectrochemical cell and coupled with an ATR accessory (VeeMax 111, Pike
Technologies). A schematic of the cell is shown in a prior publication.** Ag/AgCl/NaCl (3 M)
electrode (RE-5B, BASI) and a graphite rod (1/8” diameter, Electron Microscopy Sciences)

served as reference and counter electrodes, respectively.

Data collection. The catalyst-decorated Au films were first subjected to 2 CVs (0.2—-1.4 V vs.
RHE for Pd-metal and 0.8—1.4 V vs. RHE for PdO and Pt25%-PdO) at a scan rate of 50 mV/s
in Ar- or propylene-saturated 0.1 M HCIO4 for the surface activation. Following this
preconditioning, the potential was stepped in 0.1 V increments from 0.8 to 1.6 V vs. RHE for
Pdand 0.8 to 1.7 V vs. RHE for PdO and Pt25%-PdO. After reaching the most positive potential,
the potential was stepped back to 0.8 V vs. RHE again in 0.1 V increments (Figure S25). Each
potential was held for 1 min. Interferograms were recorded in doublesided/forward-backward
mode. Single-beam spectra were collected 30 s after the desired potential was applied; each

spectrum took ~28 s to collect. The spectral resolution was 4 cm™!

and the scanner velocity
was 40 kHz. The change in optical density was calculated using 4 =—1000 * log10(S/R), where

S and R represent the single-beam sample spectrum and single-beam reference spectrum,

respectively. The first spectrum collected at 0.8 V vs. RHE was used as the reference spectrum.
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