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ABSTRACT: As one of the most important derivatives of propylene, the production of
propylene oxide (PO) is severely restricted. The traditional chlorohydrin process is being
eliminated due to environmental concerns, while processes such as Halcon and hydrogen
peroxide epoxidation are limited by cost and efficiency, making it difficult to meet market
demand. Therefore, achieving PO production through clean and efficient technologies has
received extensive attention, and halogen-mediated electrochemical epoxidation of alkene
is considered to be a desirable technology for the production of alkylene oxide. In this
work, we used electrochemical methods to synthesize PO in halogen-mediated systems
based on a RuO,-loaded Ti (RuO,/Ti) anode and screened out two potential mediated
systems of chlorine (Cl) and bromine (Br) for the electrosynthesis of PO. At a current
density of 100 mA-cm™?, both Cl- and Br-mediated systems delivered PO Faradaic * "°*" o
efficiencies of more than 80%. In particular, the Br-mediated system obtained PO Faradaic
efficiencies of more than 90% at lower potentials (<1.5 V vs RHE) with better electrode
structure durability. Furthermore, detailed product distribution investigations and DFT calculations suggested hypohalous acid
molecules as key reaction intermediates in both Cl- and Br-mediated systems. This work presents a green and efficient PO
production route with halogen-mediated electrochemical epoxidation of propylene driven by renewable electricity, exhibiting
promising potential to replace the traditional chlorohydrin process.

1. INTRODUCTION on the anode with active oxygen species; the other is the
indirect oxidation of propylene using intermediate species with
moderate oxidizing properties such as halogens in their
oxidation state formed on the anode. Unfortunately, the direct
oxidation of propylene to PO through an electrochemical
method is currently severely restricted by the poor product
selectivity and efficiency.”” Hence, halogen-mediated electro-
chemical methods have received more and more attention.'’
At present, chlorine-mediated electrochemical epoxidation of
olefins such as ethylene and styrene is receiving extensive
interest.'”'> Compared with the chlorohydrin process in
industry, the halogen-mediated electrochemical epoxidation
method uses halogen as a medium to continuously circulate in
the system to avoid large amounts of waste residue emissions
and to improve economy.' In addition, compared with the
thermally mediated epoxidation using oxygen as the oxygen
source with a reaction temperature of around 200 °C, the
electrochemical epoxidation using H,O as the oxygen source at

Propylene oxide (PO) is an important raw material in the fine
chemical production process and is widely used in the
production of polyurethane and propylene glycol. The total
PO production has increased year by year and exceeded 10
million tons. Common industrial methods for PO production
include the chlorohydrin process,1 the Halcon process,z’3 and
the hydrogen peroxide process.” The chlorohydrin process
requires a large amount of chlorine gas, which is harmful to the
environment and generates a large amount of solid waste
(CaCl,). The Halcon process has limited economic benefits
due to the insufficient market demand for its coproducts
(either styrene or tert-butyl alcohol), while the hydrogen
peroxide process is restricted by the high cost of H,0,.”°
Thus, it is urgent to develop an environmentally friendly, low-
cost, and eflicient process to achieve PO production.

Since the conversion of propylene to PO is an oxidation
reaction, there is potential to achieve this process through the
electrochemical epoxidation on the anode, offering advantages
of using clean electrical energy for PO production. Received: July 28, 2023
Furthermore, coupling this process with cathodic reactions Revised:  October 18, 2023
such as hydrogen evolution or carbon dioxide electroreduction Accepted:  November 21, 2023
provides more promise for maximizing its economic value.” Published: December 1, 2023

Typically, the electrochemical epoxidation of propylene is
achieved in two ways: one is the direct oxidation of propylene
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Figure 1. (a) Surface morphology as well as (b) cross-sectional morphology and elemental distribution of RuO,/Ti. (c) XRD patterns as well as

(d) Ru 4s and Ti 3p XPS curves of RuO,/Ti and the Ti sheet support.

ambient conditions is more operable and safer and could
achieve higher selectivity and yields.'"”'* However, among all
halogen systems, the chlorine-mediated system has a relatively
higher cell potential and energy loss due to the high standard
potential of chlorine, which is also similar to that of the
competitive oxygen evolution reaction (OER)."”

Herein, we explored the potential of different halogen
systems to mediate the electrochemical epoxidation of
propylene, using titanium-supported ruthenium dioxide
(RuO,/Ti) as the anode, to obtain halogen-mediated systems
with better propylene electrochemical epoxidation perform-
ance and efliciency. Additionally, we identified the reaction
intermediate species by the experimental investigation of the
product distribution in electrolytes with different halogen
concentrations as well as density functional theory (DFT)
calculations.

2. EXPERIMENTAL AND COMPUTATIONAL SECTION

2.1. Catalyst Synthesis. RuO, was loaded on a titanium
sheet by a hot coating and sintering method. First, the titanium
sheet was mechanically polished and ultrasonicated in
deionized water and ethanol for 10 min. Pretreated titanium
sheets were boiled in 15 wt % oxalic acid solution for 30 min.
RuCl;-«H,O powder was dispersed into 1 M HCI aqueous
solution at about 50 °C and configured as a coating solution
with a mass fraction of about 30%. The titanium sheets were
immersed into the coating solution for 30 s, dried at 80 °C,
and then sintered at 500 °C for 2 h in air. The above coating
steps were repeated 10 times out on the bench to obtain the
RuO,/Ti anode (Figure S1). IrO, and PdO coatings were
prepared through a similar process, except that RuCl;-xH,O
was replaced with IrCl; and PdCl,.
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2.2. Materials Characterization. XRD patterns of the
RuO,/Ti catalysts were obtained by X-ray diffraction (Rigaku
Ultima IV) with Cu Ka radiation (4 = 1.54 A) under 40 kV, 40
mA, and a scanning speed of 2°-min~'. X-ray photoelectron
spectroscopy (XPS) was measured by a Thermo K-Alpha XPS
instrument with a monochromatic Al Ka source (hv = 1486.6
eV) Quantum 2000 scanning ESCA microprobe under 12 kV
and 4 mA. The surface morphologies and elemental
distribution of the RuO,/Ti catalysts were performed on a
scanning electron microscope (SEM) (Zeiss SUPRA SS
SAPPHIRE) with energy-dispersive X-ray spectroscopy
(EDS) with acceleration voltages of 6.0 and 15.0 kV,
respectively.

2.3. Electrochemical Measurement. The electrochemi-
cally active surface area (ECSA) of each electrode was
evaluated via the double-layer capacitance (Cy), which was
determined by the cyclic voltammetry (CV) measurements in
1 M KBr at the potential range from 0.70 to 0.80 V (vs RHE,
reversible hydrogen electrode) and 1.30 to 1.40 V in 1 M KCl
with different scan rates (20—100 mV-s™'). Linear sweep
voltammetry (LSV) was conducted with a scan rate of 10 mV-
s”! in Ar-saturated 1 M KBr or KCl at the potential range from
0.80 to 2.50 V. The electrochemical impedance spectroscopy
(EIS) measurements were tested at the open-circuit voltage,
with the frequency range from 100 Hz to 200 kHz and a
voltage amplitude of 10 mV.

Propylene epoxidation reaction (PER) measurements were
evaluated through a three-electrode configuration in 1 M KCl/
KBr/KI with the continuous feeding of propylene at ambient
temperature and pressure using a two-compartment electro-
chemical H-type cell separated by a Nafion membrane (Figure
S2). A KCl-saturated Hg/HgCl, electrode and a platinum wire
electrode were used as the reference and counter electrode,
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Figure 2. (a) Schematic diagram of the reaction process. (b) Product identification via the '"H NMR spectra.

respectively. A CHI660e electrochemical workstation was used
for current control and potential measurement. All the current
densities in the manuscript and Supporting Information were
geometrically normalized to the electrode area. All the applied
potentials were recorded against the KCl-saturated Hg/HgCl,
reference electrode and then converted to those versus the
reversible hydrogen electrode (RHE) as E(vs RHE) = E(vs
Hg/HgCl,) + 0.2415 + 0.0591pH, where E(vs Hg/HgCL,) (V)
is the applied potential versus the Hg/HgCl, reference
electrode and pH is the pondus hydrogenii value of the
electrolyte solutions. Moreover, all applied potentials in the
manuscript and Supporting Information are referred to vs
RHE, unless otherwise stated. The error bars of electrocatalytic
results were the standard deviation from at least three
electrochemical tests for each condition.

2.4. Product Quantifications and Calculations. PO,
chloropropanol, and bromopropanol were analyzed by a 500
MHz nuclear magnetic resonance (NMR) spectrometer
(JNM-ECZSO00R, JEOL, Japan). The PO product was
quantified by the relative intensity of '"H NMR at 1.3 ppm
(Figure S3). The amount of halogen elements released from
the liquid phase was determined by the concentration of
hydroxide ions (eqs S4—S6), and the concentration of
hydroxide ions was measured by a pH meter (PHBJ-260F,
LeiCi Corp.) combined with a pH composite electrode
(962244 LeiCi Corp.). Other active halogens in the liquid
phase were quantified by the iodometric method (eqs S7 and
S8). The Faradaic efficiency of each product was calculated by
eq S9. More details can be found in the Supporting
Information product quantification section.

2.5. Density Functional Theory (DFT) Calculations.
Density functional theory (DFT) calculations were carried out
using the Vienna ab initio simulation package (VASP) code
with projected augmented wave (PAW) pseudopotentials.'®
The exchange—correlation contributions between electrons
were calculated with the GGA functional proposed by
Perdew—Burke—Ernzerhof (PBE)."” The cutoff energy for
the plane wave basis set was set to 400 eV. A vacuum of 20 A
in the z direction was employed in slab models to avoid the
interactions between periodic images. The k-point sampling
was obtained from the gamma scheme with a 1 X 1 X 1 mesh.
The convergence criteria of energy and forces were set to 1 X
1079 and 0.01 eV/A, respectively. The vdW contributions were
evaluated with the DFT-D3 method.''® The reaction free
energy for each elementary step is defined as AG = AE +

AZPE — TAS, where E is the electronic energy, ZPE is the
zero-point energy, and S is the entropy. The ZPE can be
calculated with ZPE = 1/2 hv where h is the Plank constant
and v is the vibrational frequency of a normal mode. The
implicit solvent model was used by VASPsol'’ to consider the
effects of water. The free energy of each reaction step was
balanced according to the reactants.

3. RESULTS AND DISCUSSION

3.1. Characterizations of the RuO,/Ti Catalyst. The
typical scanning electron microscopy image shows that the
RuO, coating is tightly combined with the titanium substrate
(Figure la), indicating that the oxidation of the substrate as
well as the increase of charge transfer resistance during the
anodic reaction would be avoided. Moreover, RuO, is
distributed evenly on the Ti sheet surface, as demonstrated
by the Ru and O elemental mappings via energy-dispersive X-
ray spectroscopy (Figure 1b).

X-ray diffraction patterns of RuO,/Ti in the range of 25—
65° are shown in Figure lc. The diffraction peaks
corresponding to the spinel RuO, (110), (101), and (211)
planes are observed (JCPDS no. 43-1027), along with three
sharp characteristic (101), (002), and (200) peaks of metallic
Ti (JCPDS no. 44-1294) from the Ti sheet. Moreover, the
surface electronic states of the catalysts were analyzed by XPS.
Due to the overlapping of Ru 3d and C 2p levels, as well as Ru
3p and Ti 2p levels, the XPS spectra of Ru 4s and Ti 3p were
investigated instead to reveal the valence states of Ru and Ti in
both samples, and the peaks of Ru*" 4s at the binding energy of
75.9 eV indicates the presence of RuO, on the surface of the Ti
support (Figure 1d).

3.2. Electrochemical Measurements and Perform-
ance. In the typical process of propylene electro-epoxidation
(eqs S1—S3), propylene would first react with the halogen
intermediate species in the anode region to generate the
corresponding halohydrin, and then, these obtained halohy-
drins would be mixed with the cathode electrolyte, which
contained the generated OH™ from the hydrogen evolution
reaction on the cathode, to generate propylene oxide (Figure
2a). Preliminary tests showed that it is difficult for a F-
mediated system to intervene in the epoxidation process
because of its strong oxidizing trend to directly react with
water.”” When using KCl or KBr as the electrolyte, not only
chloropropyl alcohol and bromopropyl alcohol were observed
as the anode products, but also, PO was detected as the final
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Figure 3. (a) EIS results, (b) ECSAs, (c) Tafel slopes, and (d) LSV curves of RuO,/Ti in KCI and KBr.

product for both systems (Figure 2b and Figure S4a,b). In
contrast, when using KI or K,SO, as the electrolyte, no
halopropanol or PO was observed as the products (Figure
S4c). Thus, only both Cl and Br can intervene in the
epoxidation process of propylene, and both Br- and CI-
mediated systems for PO electro-epoxidation were chosen for
further investigations.

First, the electrochemical properties of the RuO,/Ti
electrode were investigated in Cl- and Br-mediated systems,
respectively. It turned out that RuO,/Ti exhibited similar
electrochemical behaviors in both KCI and KBr. The charge
transfer resistance of RuQ,/Ti in KCl is 0.43 Q-cm?, while that
in KBr is 0.37 Q-cm? (Figure 3a). As for the ECSAs of RuO,/
Ti (Figure S6), the values of Cy (Figure 3b) in KCI and KBr
are 16.82 and 15.89 mF-cm™?, respectively, indicating the
similar ECSAs of RuO,/Ti. Meanwhile, the similar Tafel slopes
indicate that both Cl- and Br-mediated systems have the same
rate-determining steps in the process of sacrificing electrons on
the catalyst surface (Figure 3c). The above evidence indicated
that RuO,/Ti showed similar electrochemical properties in
both mediation systems.

Figure 3d shows LSV curves for the halogen precipitation
reaction (HPR) and PER activity comparisons. It can be seen
that the Br-mediated system has a lower onset potential of 1.36
V compared with that of 1.70 V for the Cl-mediated system. At
the same time, the onset potential of 1.83 V for OER was
tested in a potassium sulfate electrolyte. These results suggest
that at the same overpotential, the Br-mediated system can
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alleviate the competing reaction of OER more effectively,
thereby reducing the loss of energy efficiency from OER.
Moreover, the shape distinctions of these LSV curves reflected
the different diffusion characteristics of the oxidized halogen
species in both systems. In the KCI system, the oxidation
product is desorbed from the catalyst surface in its gas form,
which would then escape easily from the electrode surface as
bubbles. Therefore, the LSV curves especially at a large current
density range of >200 mA-cm™> became more and more
fluctuant. In contrast, bromine produced during anodic
oxidation would disperse into the electrolyte as a liquid and
can freely diffuse on the electrode surface, leading to the
smoothly extended LSV curves. In addition, the development
and cracking of bubbles on the electrode surface usually
accelerate the deterioration of the electrode structure.”**
Compared with the severe cracking of the coating in the Cl-
mediated system, the electrode structure in the Br-mediated
system is more stable under the same working conditions
(Figure S7). However, when the current density was increased
to 450 mA-cm™?, the generated bromine accumulated on the
electrode surface, inhibiting the advantageous Br-mediated
PER kinetics and leading to the significantly increased
potentials. No such phenomenon was observed in the Cl-
mediated system at the whole current density range, indicating
the essential differences for the reaction intermediates in both
systems.

Then, the epoxidation performance of propylene was
examined in both Cl- and Br-mediated systems with different
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Figure 4. (a) FEpq and applied potentials at different propylene flow rates and (b) current densities. The error bars correspond to the standard

deviations of three independent measurements.

propylene flow rates and current densities at the constant
electrolyte concentration of 1 M. As the flow rate of propylene
increased from 5 to 30 sccm with the constant current density
of 100 mA-cm™, the Faradaic efficiency of propylene oxide
(FEpp) increased from 74 to 80% in the Cl-mediated system
with potentials of below 1.80 V. In contrary, the FEpq
exhibited a much larger increase (76 to 90%) in the Br-
mediated system with potentials of not more than 1.50 V
(Figure 4a). It is considered that chlorine has a relatively
higher cell potential in the mediation process due to its higher
thermodynamic potential and the anodic potential that is close
to the oxidation potential of OER, leading to non-negligible
energy loss in the chlorine-mediated system.”® Simultaneously,
the potential decreases (1.80 to 1.74 V in KCl and 1.51 to 1.42
V in KBr) while the FEp, increases with the elevated flow rate
of propylene, suggesting the enhanced utilization rate of the
mediated halogen intermediate species, leading to promoted
anodic process kinetics. This point is also confirmed by the
LSV curves where the electrolyte saturated with propylene
obtains higher current density than that the electrolyte without
propylene at the same potentials (Figure 3d).

More detailed PER performances at different current
densities were investigated at a propylene flow rate of 20
sccm, at which the FEpg would achieve its maximum. Both
mediation systems exhibited unique differences as the current
density increased from 50 to 500 mA-cm™* (Figure 4b). In the
Cl-mediated system, with the increase of current density, FEpq
shows a continuous decay from 89.5 to 62.9%, as well as the
rise of the potentials from 1.42 to 2.54 V with elevated OER.
Meanwhile, in the Br-mediated system, FEpq is close to 100%
and is maintained at the level of more than 90% when the
current density is below 100 mA-cm™ The stability of the
electrode in different mediated systems was further tested
under 100 mA cm™? (Figure S10). The results show that the
RuO,/Ti electrode maintains good stability of the valence state
and crystal structure with the potential around 1.70 V in the
Cl-mediated system and 1.35 V in the Br-mediated system
(Figure S9) and maintains stable FEpg at the same time.

However, FEpo decreases significantly to 68.2 and 46.2%
when the current densities are further increased to 300 and
500 mA-cm ™2, with the significantly increased potentials from
120 to 2.59 V, losing its high PER energy efficiency
advantages. Such a significant increase of the overpotential is
due to the enrichment of Br, intermediate species in the liquid
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phase, hindering the further participation of intermediate
species and slowing down the kinetics of the propylene
oxidation process, which is consistent with the characteristics
of the LSV curve (Figure 2d). The greatly elevated
overpotential maintaining such a high current density would
lead to a severely facilitated OER process, resulting in the
dramatic reduction of FE;.

Compared with the traditional chlorohydrin process in
industry, halogen-mediated electrochemical epoxidation can
avoid the discharge of wastewater and residue through the
circulation of the halogen in the system. The Br-mediated
system in this work can reach a nearly 100% FEpq at the
current density of 30 mA cm™2, and the halogen ions can be
used as a circulation medium to mediate the production of PO
with scarce wastewater and residue. In addition, compared
with the thermally mediated epoxidation, which uses oxygen as
the oxygen source at a reaction temperature of around 200 °C,
the electrochemical epoxidation uses H,O as the oxygen
source at ambient conditions and is more operable and safer
with higher selectivity and yields. The formation rate of PO,
which is obtained based on FE and current density (eq S10),
could achieve about 250 mgpo h™'-g.,, ™" with a PO selectivity
of over 90% (Figure S10), which indicated the advantages of
both operability and high efficiency compared with the
thermally mediated processes (Table S1).

To further explore the applicability of the halogen-mediated
electrochemical method, different electrode materials, Ti-
supported IrO, (IrO,/Ti) and Ti-supported PdO (PdO/Ti),
were used for propylene epoxidation tests (Figures S11 and
S12). The results show that IrO,/Ti achieves good perform-
ance similar to those of RuO,/Ti with lower operating
potentials (Figure S13). Meanwhile, the PdO/Ti anode is
continuously oxidized during the reaction, resulting in a
continuous increase of the operating potentials (Figure S14).
Moreover, the feasibility of halogen-mediated electrochemical
epoxidation to different substrates was explored using butylene
as the reactant. The results indicated that both Br- and CI-
mediated systems can epoxidize butylene to produce butylene
oxide (BO) (Figure S15). Compared with propylene electro-
epoxidation, the FE of BO is reduced by approximately 20%
under corresponding operating current densities. Considering
that butylene has a higher carbon number than propylene, the
decreased activity of butylene compared with propylene may
lead to the requirement of higher overpotentials for electro-
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electrophilic attacks.

epoxidation, causing the rise of the OER activity, ultimately
resulting in the decrease of the FE for epoxide products
(Figure S16).

3.3. Investigation into Reaction Intermediate Spe-
cies. It is widely debated whether the intermediate species for
halogen-mediated olefin epoxidation is a hypochlorous acid
molecule or an elemental halogen.”*™>® As shown in Figure Sa,
there are mainly two possible paths for the asymmetric
addition to the double bond of propylene in the halogen-
mediated epoxidation process. The hypochlorous acid-
mediated pathway (path I) is functioning via first generating
a halogen and then disproportionating it to obtain hypohalous
acid. Finally, hypohalous acid is asymmetrically added to the
double bond of propylene to form haloalcohol intermediates.
Since the process of disproportionation to generate hypohalous
acid will generate halide ions at the same time, the amount of
hypohalous acid will be sensitive to the concentration of
halogen ions (X7). As the concentration of X~ increases, the
equilibrium of the X, disproportionation reaction will be
reversed, resulting in the precipitation of more halogens
instead of generating PO through hypochlorous/hypobromous
acid. In contrast, the elemental halogen-mediated pathway
(path 1I) suggested that halonium ions obtained by electro-
philic attack of elemental halogens on the double bond would
react with H,O to obtain haloalcohol, which would not be
significantly affected by the concentration of X™ in the system.
Therefore, we altered the concentration of halide ions in both
systems to explore the relationship between the PER
performance and the concentration of halide ions in the
system.

As a result, the product distributions in systems with
different X~ concentrations showed obvious differences
(Figure Sb). For instance, when the Br~ concentration
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increases from 1 to 3 M, the FEpq decreased significantly in
the Br-mediated system from 81 to 32%, while the Faradaic
efficiency of Br, increased from 14 to 31%. A similar trend was
also obtained for the Cl-mediated system. Whether it is a CI-
or Br-mediated system, the selectivity of PO showed a
consistent downward trend with the increase of the
concentration of X~ from 1 to 3 M (79—61% in KCI while
82—32% in KBr), which indicates that the hypochlorous/
hypobromous acid should be the key intermediate species
rather than the halogen.

DFT calculation further investigated the key intermediate
species of the reaction (Figure Sc). For the situation that an
elemental halogen as an active species attacks propylene to
form halonium ion (path II), a halonium ion intermediate was
proposed to be an intermediate species in the electrophilic
addition process to alkenes.”””® The intermediate species
attacks the double bond to obtain the halonium ion
intermediate, and then, the hydroxyl group is added to the
middle carbon atom through nucleophilic attack. The whole
process obeyed Markovnikov rules where electrophilic groups
will preferentially combine with edge carbons and nucleophilic
groups will preferentially combine with intermediate carbons
or carbons containing less hydrogen.”” However, such a
reaction path requires a higher energy barrier, which means
that the reaction is more difficult to occur. In contrast, when
hypobromous acid and hypochlorous acid are used as media
(path 1), the formation of halide ion intermediates and the
corresponding free energy changes of the nucleophilic addition
of hydroxyl groups are all less than zero (Figure Sc), which
means that the reaction can proceed spontaneously thermo-
dynamically. These DFT results are consistent with the
experimental results, further confirming that hypochlorous
and hypobromous acids are more likely to be the key
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mediators than an elemental halogen in the process of
propylene epoxidation.

4. CONCLUSIONS

In this work, halides were used as electrolytes and oxidation
mediators for PO production with a RuO,/Ti anode driven by
electricity. The redox cycle of the Cl and Br on RuO,/Ti could
intervene in the epoxidation of propylene to produce PO with
the FEs exceeding 80% at the current density of 100 mA-cm ™
Moreover, a 90% PO FE was achieved at a much lower
potential of <1.5 V in a Br-mediated system. Furthermore, the
hypohalous acid molecules were demonstrated to be the
reagent for electrophilic attack on the double bond of
propylene rather than the elemental halogen. This work
provided an alternative to the traditional chlorohydrin route of
PO production, bringing the possibility to couple clean
electricity and cathode reactions with high value-added
products.
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