Chloride-mediated selective electrosynthesis of ethylene and propylene oxides
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Chemicals manufacturing consumes large amounts of energy and is responsible for a significant
substantial portion of global carbon emissions. Electrochemical systems that produce the
desired compounds by using renewable electricity offer a route to lower carbon emissions in the
chemicals sector. Ethylene oxide is among the world’s most abundantly produced commodity
chemicals due tobecause of its importance in the plastics industry, notably for manufacturing
polyesters and polyethylene terephthalates (PET). Here wWe apply applied an extended
heterogeneous:homogeneous interface, using chloride as a redox mediator at the anode, to
facilitate the selective partial oxidation of ethylene to ethylene oxide.: wWe achieved current
densities of 1 ampere per square centimeterA/cm2, Faradaic efficiencies of ~70%, and product
specificities of ~97%. When run at 300 milliamperes per square centimetermA/cm2 for 100
hours, the system maintained a 71(±1)% Faradaic efficiency throughout.
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In the United States, chemical manufacture accounts for 28% of total industrial energy
demand (1). At present, this demand is largely met by the consumption of fossil fuels, resulting
in significant substantial carbon dioxide (CO2) emissions (2, 3);: a recent report showed that
the plastics industry alone releases 1.8 billion metric tons of CO 2 per year; and that replacing
fossil fuels–-based production methods with ones powered withusing renewable energy offers a
route to reduce net greenhouse gas emissions associated with plastics manufacture (4).
One attractive strategy involves the developing development of electrochemical systems
that produce the necessary raw materials by using renewable electricity (5–8). Ethylene oxide is
used in the manufacture of plastics, detergents, thickeners, and solvents (9) and is among the
world’s top 15 most abundantly produced chemicals at ~20 million metric tons per annum year
(10, 11). At present, it is manufactured through the silver (Ag)-–catalyzed direct oxidation of
ethylene at high temperature and pressure (200°- to 300°C and 1- to 3 MPa). This process
generates 0.9 tons of CO2 per ton of ethylene oxide produced, with over more than half
attributed to the complete combustion of ethylene, and the balance arising from temperaturecontrol units (Fig. 1A), which today are fossil- fuel-–powered (12).
The contribution from the complete oxidation of ethylene all the way to CO 2 is a result of
the mechanism relied upon in direct ethylene oxidation: oOne ethylene reacts with one oxygen
(O) atom from Ag-adsorbed dioxygen to form ethylene oxide, leaving behind the remaining Agadsorbed oxygen O atom, and this oxidizes ethylene all the way to CO2. Since iIt takes 6 six
oxygen O atoms for the complete combustion of 1 one ethylene molecule,; this means that, in
the best case, for every 6 six molecules of ethylene converted to ethylene oxide, 1 one molecule
of ethylene will be completely combusted to CO2, thus limiting the product specificity to a
theoretical upper limit of 85.7% (9). Here, specificity refers to the percentage of reacted substrate
(ethylene) that goes toward the desired product (ethylene oxide).
Additionally, fossil-powered systems are typically used to maintain a stable temperature
profile in order to suppress thermal runaway in this highly exothermic reaction.
Here wWe pursued an electrochemical approach to the production of ethylene oxide:, to
address both the first problem (limited product specificity) and the second (the need to reduce the
use of fossil energy sources in powering systems). We sought a highly selective electrochemical
route, pursuing the electrooxidation of ethylene to ethylene oxide with high product specificity
and Faradaic efficiency under ambient conditions as a means to contribute to lowering CO 2
emissions in the production of this chemical (Fig. 1B) (13, 14).
The electrosynthesis of ethylene oxide involves the partial oxidation of ethylene, an
anodic reaction. Reactions of this nature at high current density and Faradaic efficiency are
hampered by two challenges. First, the large positive potentials necessary can lead to
uncontrolled over-oxidation, generating undesired by-products such as CO2. Currently, reported
anodic upgrading reactions such as the oxidation of 5-hydroxymethylfurfural (15–17), alcohol
(18–20), and glycerol (21–23) are conducted at low current densities (<100 mA/cm 2) to
maximize Faradaic efficiencies toward the target product (Fig. 1C). However, the production of
industrially- relevant quantities of the product at such low current densities would require
unreasonably high electrolyzer surface areas, leading to high capital costs per unit of productivity
(Fig. 1D). Second, if the reactant (ethylene) has limited solubility in the aqueous electrolyte, the
system quickly becomes mass- transport-–limited, resulting in poor Faradaic efficiency at high
current densities.
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We took the view that a selective production strategy could avoid directly oxidizing the
organic reactant molecules on the electrode surface so as to prevent over-oxidation at high
current densities. We reasoned that a redox mediator that facilitates the indirect exchange of
electrons between the electrode and the substrate molecules would allow this. Furthermore, in
such a scheme, the space in which the reaction takes place is not limited to the planar
electrode:electrolyte interface, but in fact extends into the bulk electrolyte, constituting an
extended heterogeneous:homogeneous interface (Fig. 2A) that overcomes mass transport
limitations. Using this strategy, we demonstrated ethylene oxide production at high current
density (up to 1 A/cm2), Faradaic efficiency (~70%), and product specificity (~97%).
Initially, we attempted to oxidize ethylene directly to ethylene oxide using a
nanostructured palladium (Pd) anode (Ffig. S2A). This approach was based on a recent study in
which olefins such as propylene were oxidized at low current densities (24), but did not translate
to the high current densities;: at 300 mA/cm2, a negligible Faradaic efficiency was obtained
toward ethylene oxide (Ffig. S2B). Operating at this high current density resulted in dissolution
of the Pd anode, as can be observed from the rapidly increasing potential with time (Ffig. S2C).
Additionally, the use of organic mediators such as TEMPO [(2,2,6,6-tetramethylpiperidin-1yl)oxyl] (15, 2825) and NHPI (N-hydroxyphthalimide) (2926, 3027) – —a method to obtain
high selectivities for partial oxidation products at the anode – —failed in the generation of
ethylene oxide and yielded instead only small amounts of acetate (Fig. 2B).
Historically, ethylene oxide was produced from ethylene through the addition of aqueous
chlorine to form ethylene chlorohydrin, followed by dehydrochlorination with calcium hydroxide
to generate ethylene oxide (9). However, the high cost associated with consuming stoichiometric
amounts of chlorine and hydroxide, as well as disposal of the water medium, has lowered interest
in this process. We postulated that chloride (Cl -–) could be a redox mediator at the anode with
extended heterogeneous:homogeneous interfaces. The Cl -– could thereby buffer ethylene from
uncontrolled oxidation and facilitate ethylene oxide production.
This idea was tested in a flow-cell setup with 1.0 M potassium chloride (KCl)
electrolyte, in which ethylene was continuously sparged into the anolyte, with platinum (Pt) foil
as the working electrode (anode), nickel (Ni) foam as the counter electrode (cathode), and
Ag/AgCl (3.0 M KCl) as the reference electrode (Ffig. S3). The geometric surface area of the
anode used was 1 cm2, and the catholyte and anolyte volumes were both 25 ml. An anion
exchange membrane (AEM) separated the anolyte and catholyte chambers. To determine the
Faradaic efficiency, product quantification was carried out by means of high-performance liquid
chromatography (HPLC), see (supplementary materials, Mmaterials and Mmethods for more
details). Unless otherwise stated, all electrolysis experiments were run for a duration of 1 hour.
Experiments were first carried out at 300 mA/cm 2. Based oOn the basis of prior studies
(3128), in this process, Cl-– is oxidized to Cl2 at the Pt anode (Eq. 1); e is the charge on the
electron), which disproportionates in the aqueous environment to form hypochlorous and
hydrochloric acid (HOCl and HCl, respectively) (Eq. 2) (3229, 3330); HOCl then reacts with
ethylene dissolved in the electrolyte to form ethylene chlorohydrin (HOCH2CH2Cl) (Eq. 3).
Because HCl is not consumed, the pH of the anolyte becomes acidic over the course of the
electrolysis (pH 1.1).
Anode: 2Cl– → Cl2 + 2e– (1)
C l2 + H 2O

HOCl + HCl

(2)
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C2H4 + HOCl → HOCH2CH2Cl (3)
Cathode: 2H2O + 2e– → H2 + 2OH– (4)
Mixing step: HOCH2CH2Cl + OH– → C2H4O + Cl– + H2O (5)
HCl + OH– → Cl– + H2O (6)
Overall: C2H4 + H2O → C2H4O + H2 (7)
The final step involves addition of hydroxide (OH-–), which then reacts with ethylene
chlorohydrin to yield the desired ethylene oxide and regenerate Cl -– (3128). The hydrogen
evolution reaction (Ffig. S4) at the cathode during electrolysis generates the necessary OH -– (Eq.
4), while whereas the AEM prevents complete mixing of the catholyte and the anolyte.
Consequently, at the end of electrolysis, the pH of the catholyte becomes alkaline, with a pH
value of 13.8. This means that by mixing the catholyte and anolyte output streams (performed
post after electrolysis), ethylene oxide can be generated from the reaction between ethylene
chlorohydrin and OH-– (Eq. 5 and Fig. 2B). At the same time, the HCl generated (Eq. 2) is also
neutralized by OH-– (Eq. 6).
The formation of ethylene chlorohydrin in the anolyte and subsequent generation of
ethylene oxide in the mixing step were confirmed through 1H nuclear magnetic resonance
(NMR) (Ffig. S5). We performed the same experiments but using carbon-13 –labeled ethylene
(13C2H4): 13C NMR and 1H NMR results confirm that the products we observed are were indeed
due to the partial oxidation of ethylene (Fig. 2C and Ffig. S5). We note that iIn principle, a
cation exchange membrane would be better in preventing crossover of OH-– (Ffig. S6A).
However, this would lead to a continuous decrease in electrolyte (anolyte) conductivity during
operation, resulting in lowered performance (see Ffig. S6B). In sum, tThis system enables the
generation of ethylene oxide in a single electrolyzer under ambient temperatures and pressures:
eEthylene, water, and electricity are the consumables (Eq. 7).
Using this method, we achieved a Faradaic efficiency of 70 (±1) % toward ethylene oxide
(Fig. 2D) with 1.0 M KCl at 300 mA/cm2. This corresponds to 3.9 mmol of ethylene oxide
produced after 1 hour of electrolysis. Similar Faradaic efficiencies of 71 (±1) % and 70 (±1) %
are maintained even at current densities of 500 and 800 mA/cm 2, respectively (Fig. 2D). A
possible explanation for the missing charge could be O2 evolution or complete oxidation of
ethylene to form CO2; however, when we performed gas chromatography on the output gas
stream, we did not detect O2 nor CO2. We note that tThe product specificity has a value of 97%;
ethylene conversion to other products (e.g.,such as CO2) was not observed, and the remaining
specificity was due to incomplete conversion of ethylene chlorohydrin to ethylene oxide (Eq. 5).
We instead hypothesized that the missing charge could be due to unreacted chlorine/ or
hypochlorite species in the electrolyte:; this was confirmed by using iodometric titration (see
Ffig. S7 and Ttable S1). We note that Pt and iridium oxide/titantium (IrO2/Ti) anodes resist
corrosion even at high chlorine concentrations during the chlor-alkali process (3431). A
continuous flow reactor process could be adopted (as opposed to the current batch reactor mode),
whereby in which portions of the electrolyte are periodically siphoned off for ethylene oxide
extraction. In this case, the electrolyte would be continuously replenished by fresh/ or
regenerated solution, thereby preventing excessive buildup of these corrosive species.
The method could also be used for the epoxidations of other olefins; for
instanceexample, when we replaced ethylene with propylene, Faradaic efficiencies were 69 to
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71% toward propylene oxide – —a commodity chemical with a market of 10 million tons per
annum year market in the plastics industry (3532) – —at current densities of 300 to 800 mA/cm2
(Fig. 2E).
We performed a techno-economic analysis (TEA) to identify conditions that could enable
the profitable synthesis of a renewable -energy-–powered anodic partial oxidation of ethylene to
ethylene oxide (fig. S1) (full details of the TEA are available in the see Ssupplementary
Mmaterials for full details of TEA,) Fig. S1). For the TEA, we set a base electricity cost of 10
¢/kWh, which is at least twice the average present-day industrial electricity cost (fig. S8) (6)
(Fig. S8). Sensitivity analysis reveals that the greatest dependency of the plant-gate levelized
cost is on electrochemical parameters such as current density and Faradaic efficiency (Ffig. S8,;
see the range of values considered for each parameteris are provided in Ttable S2 for range
of values considered for each parameter). Based oOn the basis of the current market price per
ton of ethylene oxide and the corresponding quantity of hydrogen produced at the cathode, we
determined that for a current density of 300 mA/cm 2, the minimum energy efficiency required
for the renewable energy-–powered process to be profitable is ~30%. We also calculated the
minimum energy efficiencies required to be profitable for different electricity costs up to 20
¢/kWh, showing profitable regions as a function of energy efficiency and electricity cost (Fig.
3A). Similarly, this was also calculated for the electrosynthesis of propylene oxide from
propylene (Ffig. S9).
The sensitivity analysis of in Ffig. S8 revealed that the plant-gate levelized cost is
sensitive to electrochemical parameters such as Faradaic efficiency and cell potential. To reduce
energy cost, we sought to increase the energy efficiency of the reaction by varying the electrolyte
concentration while operating at 300 mA/cm 2. We began at a lower Cl-– concentration (0.5 M);
however, oxygen O evolution from water then dominates the anodic reaction, resulting in a low
Faradaic efficiency of 30 (±1) % and energy efficiency of 11 (±1) % (Fig. 3B). As the Cl-–
concentration increases (1.0 M and 2.0 M), the overpotential decreases [(5.8 (±0.2) V and 4.0
(±0.1) V)] due tobecause of improved Cl-– oxidation kinetics and increased electrolyte
conductivity, leading to increased Faradaic efficiencies [(70 (±1) % and 67(±1) %)] and half-cell
energy efficiencies [18(±1) % and 27 (±1) %]. At 3.5 M, however, the energy efficiency was
unimproved at 26 (±1.9) % as because the reduced potential [(3.6 (±0.2) V)] was negated by a
slight decrease in Faradaic efficiency to 55 (±1) %, likely because the increased Cl-–
concentration is unfavorable for the disproportionation of Cl 2 into HOCl and HCl (Eq. 2). Thus,
based on the basis of the corresponding plant-gate levelized costs, we determined the optimal Cl–
concentration to be 2.0 M. In this work, all potentials are reported vs.versus Ag/AgCl and are
not infrared (IR)- corrected.
Even at the optimal Cl-– concentration, the renewable electricity-–based plant-gate
levelized cost remains higher than the current market price per ton of ethylene oxide and the
corresponding quantity of hydrogen (Fig. 3B). We turned to the working electrode (catalyst) as
another degree of freedom to decrease the overpotential. We prepared IrO2 deposited on Ti mesh
(Fig. 3C and Ffig. S10) using a dip coating and thermal decomposition procedure (3633). X-ray
photoelectron spectroscopy (XPS) results confirmed the presence of Ir in a +4 oxidation state
(Ffig. S10, A- to C). Scanning electron microscopy (SEM) images show the microscale mesh
structure of the IrO2 -coated Ti mesh (Ffig. S10D). Energy-dispersive Xx-ray spectroscopy
(EDX) confirmed the presence of Ir and O on the Ti mesh, indicating the loading of IrO2 on Ti
(Fig. 3C). X-ray diffraction (XRD) was also performed on the IrO2 coating as well as the bare Ti

mesh (Ffig. S10E). Additionally, transmission electron microscopy (TEM) images of the IrO2
were acquired (Ffig. S10, F- and G). Using this catalyst, we lowered the required applied
potential from 3.4 (±0.1) V to 3.0 (±0.1) V, thus further raising the half-cell energy efficiency to
30 (±1) % at 300 mA/cm2.
Having optimized the electrochemical system, we measured the energy efficiencies and
plant-gate levelized costs under different current densities to determine the most economical
conditions for industrial manufacturing (Fig. 3D). Faradaic efficiencies were maintained even at
a current density of 1 A/cm2 [(60 (±4) %)]. However, a much higher potential of 6.5(±0.5) V was
required to drive the larger current, leading to a low half-cell energy efficiency [(12(±1) %)]. On
the other hand, the half-cell energy efficiency is high at 38.3(±0.1) % under 50 mA/cm2,; thus,
the electricity cost per ton of ethylene oxide is at the lowest. However, the high capital cost
associated with electrolyzer surface area resulted in an uneconomical plant-gate levelized cost.
The plant-gate levelized cost is the lowest at 300 mA/cm 2;, with good energy efficiency of 30
(±1) % and acceptably low capital costs.
Based oOn the basis of this analysis, we investigated the stability of the catalyst system
at the most profitable current density of 300 mA/cm 2, during which portions of the electrolyte
were periodically removed for analysis and replaced with fresh electrolyte. The system
maintained a stable applied potential of 2.86(±0.02) V and Faradaic efficiency averaging
71(±0.6) % for 100 hours continuously (Fig. 4A). Post-reaction analysis of the anode through
SEM and EDX revealed no obvious structural changes of the Ti mesh surface nor loss of IrO 2
(Ffig. S11). The method significantly outperforms other reported anodic upgrading reactions in
current density, product generation rate, and reported operation time, while maintaining high
Faradaic efficiency and ethylene oxide specificity (Fig. 4B). The specificity in this case is 95%;
we did not observe the conversion of ethylene to other products (e.g.,such as CO2). This high
specificity is important in an industrial process, since because the ethylene will likely be
continuously recirculated to maximize usage.
FinallyLast, we sought to develop an integrated system to perform the electrosynthesis of
ethylene oxide from CO2 (rather than ethylene) as the starting feedstock. This provides a route to
directly use renewable electricity for recycling CO2 into a valuable commodity chemical. In this
integrated system, CO2 reduction to ethylene is first performed by using a membrane electrode
assembly (MEA) in a gas diffusion configuration, with O 2 evolution from water as the
corresponding anodic reaction (Fig. 4C). The MEA comprises a copper
nanoparticle/copper/polytetrafluoroethylene (Cu NPs/Cu/PTFE) cathode and an IrO 2/Ti mesh
anode separated by an AEM, through which 0.1 M potassium bicarbonate (KHCO3) anolyte
was continuously circulated. The operating current density was kept at 240 mA/cm 2, and the
ethylene Faradic efficiency was generally maintained at 43 to 52% (Fig. 4D). We measured
Tthe flow rate of the output gas was measured using a flow meter at the cathode gas outlet, and
the output gas was directly sparged into the anolyte of the ethylene-to-–ethylene oxide flow cell
(operated at 300 mA/cm−2) without further purification.
Through With this method, we achieved a Faradaic efficiency of 45% toward ethylene
oxide under a gas flow rate of 6 standard cubic centimeters per minute (sccm) (Fig. 4D),
despite the presence of other easily oxidizable gases such as H 2 and CO relative to ethylene (23%
H2, 12% CO, and 12% ethylene), see (Ffig. S12, and Ttables S3- and S4). Oxidation of these
gases requires direct contact with the anode, whereas ethylene oxidation is mediated by the
extended heterogeneous:homogeneous interface and thus occurs in the bulk electrolyte at a much
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higher rate. The Faradaic efficiency toward ethylene oxide was reduced at a higher gas flow rate
due owing to lowered ethylene concentration in the MEA output stream (see Ffig. S12, and
Ttables S3- and S4). However, decreasing the flow rate even further (3 sccm) resulted in a
lowered Faradaic efficiency toward ethylene in the MEA. This reduces the ethylene supply
available for conversion in the flow cell, resulting in a drop in the Faradaic efficiency toward
ethylene oxide. Thus, both concentration and molar quantity of ethylene in the MEA output
stream are important determinants for the Faradaic efficiency toward ethylene oxide in the flow
cell.
This demonstration shows the viability of an integrated system for complete CO2-to-–
ethylene oxide conversion. Further improvements are expected by optimizing the ethylene
Faradaic efficiency and single- pass conversion in the MEA.
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Fig. 1. Electrosynthesis of ethylene oxide by using renewable energy. (A and B) Schematics
illustrating (A) the industrial thermochemical system and (B) the proposed electrochemical
system. (C) Reported current densities and Faradaic efficiencies for other anodic partial
oxidation reactions in the literature (blue squares) (15–2724, 34–36). Data for the system
demonstrated in this work are shown for comparison (red square). (D) Breakdown of costs at
current densities of 50 and 300 mA/cm2, as calculated from a technoeconomic analysis (TEA).
TEA calculation details are provided in the Refer to Ssupplementary text and Ffig. S1 in the
Supporting Materials for TEA calculation details.
Fig. 2. Selective ethylene oxide production from ethylene enabled by an extended
heterogeneous:homogenous interface. (A) Schematic illustrating ethylene oxidation at planar
versus extended interfaces. (B) Schematic of the ethylene-to-–ethylene oxide electrochemical
system. For A detailed schematic of the electrolyszer see is available in Ffig. S3. (C) 13C NMR
spectra of ethylene oxide and ethylene chlorohydrin. (D) Faradaic efficiencies of ethylene oxide
and ethylene chlorohydrin at different current densities. (E) Faradaic efficiencies of propylene
oxide and propylene chlorohydrin at different current densities. The error bars correspond to the
standard deviation of three independent measurements.
Fig. 3. Optimization of energy efficiency to reduce energy cost and maximize
technoeconomic benefit. (A) Techno-economic analysis (TEA) showing plant-gate levelized
cost as a function of energy efficiency and renewable energy cost. (B) Half-cell energy
efficiency and the corresponding plant-gate levelized cost as a function of Cl -– concentration. (C)
EDX images showing the distribution of Ir, Ti, and O on the IrO2/Ti mesh. (D) Half-cell energy
efficiency and the corresponding plant-gate levelized cost as a function of current density. Note:
oOur half-cell energy efficiencies are based on our reported potentials vs.versus Ag/AgCl,
which are not IR- corrected. Additionally, we assume no losses at the cathode side, where
hydrogen evolution occurs. The error bars correspond to the standard deviation of three
independent measurements.
Fig. 4. Evaluation of ethylene-to-–ethylene oxide performance. (A) Half-cell overpotential
and Faradaic efficiency of ethylene oxide over 100 hours at 300 mA/cm 2. (B) Comparison of
current density, product generation rate, reported operation time, Faradaic efficiency, and
product selectivity against state-of-the-art anodic upgrading reactions. Specificity refers to the
percentage of all reacted substrate going toward the desired product. (C) Schematic of the CO2to-–ethylene oxide (EO) process in which the ethylene-to-EO cell was directly supplied with the
gas output from a CO2-to-ethylene MEA. (D) Faradaic efficiencies of ethylene (in MEA) and
ethylene oxide (in flow cell) as a function of the gas flow rate. For all cases, the MEA was run at
240 mA/cm2, and the ethylene oxidation flow cell was operated at 300 mA/cm −2, for a duration
of 1 hour.

