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Highlights

The demonstration of high

interfacial H2O2 from electrolysis

Interfacial effect boosted olefin

epoxidation with a 3-fold increase

over a tandem system

Potential application for boosting

reactant concentration-sensitive

reactions

Electrolyte-free liquid products

from electrolysis
Using electrochemical reactions for chemical manufacturing can decarbonize our

traditional chemical engineering industry. Although not every chemical can be

generated via electrocatalysis, coupling electrochemical reactions with chemical

reactions can significantly expand the spectrum of chemicals that can be produced

in a low-carbon footprint manner. Here, we demonstrate an integrated

electrochemical-chemical reactor that can efficiently produce ethylene glycol,

which is an antifreeze and is widely used in the manufacture of polyester fibers,

from oxygen and ethylene under room temperature and ambient pressure.
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coupling for efficient olefin oxidation to glycols
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CONTEXT & SCALE

Electrochemical synthesis of

chemicals and fuels plays an

important role in decarbonizing

the chemical manufacturing

sector due to the merits of using

renewable electricity, mild

reaction conditions, and

environmentally benign

operations. Despite the

significant achievements of

individual electrochemical

reactions, coupling electrolyzers

with downstream reactors is

increasingly attractive from more

complicated chemical fabrications

that are typically challenging for

individual reactors. Current

coupling reactions focus on the

assembly strategies of multiple
SUMMARY

Coupling electrochemical and chemical reactions has been demon-
strated in traditional tandem reactor systems, but their practical
applications are still distilled down to individual reactor optimiza-
tions. Here, we demonstrate a fully integrated system that presents
significantly improved catalytic performance when compared with
traditional tandem systems. Using electrosynthesis of hydrogen
peroxide followed by olefin epoxidation reaction as a representa-
tive example, we demonstrated that, by confining the chemical reac-
tion right at the electrode/electrolyte interface in our solid electro-
lyte reactor, we can fully leverage the interfacial high concentration
of H2O2 product from electrocatalysis to boost the following
ethylene epoxidation reaction, which represented a 3-fold improve-
ment in electrolyte-free ethylene glycol generation when compared
with a tandem reactor system. This integration strategy can be
extended to other electrochemical-chemical coupling reactions,
especially when the coupled reaction is sensitive to reactant concen-
trations, which could avoid energy-intensive separation or concen-
tration steps typically needed between the electrochemical and
chemical reactions.
individual reactors by feeding the

electrochemically synthesized

species into the followed-by

reactors, which have not yet

leveraged the unique property of

electrolysis: the high

concentration of generated

species at the electrode interface.

Different from the traditional

tandem system, we designed an

integrated solid electrolyzer that

fully leverages the interfacial high

concentration of species to boost

the consecutive chemical

reactions.
INTRODUCTION

Electrochemical synthesis of chemicals and fuels is becoming increasingly important

to decarbonize the chemical manufacturing sector.1–8 It can utilize renewable elec-

tricity as the energy input, be operated under mild reaction conditions, and use at-

mospheric molecules as reactants.9–13 As the economics of electrochemical synthe-

sis routes gradually improve with the decreased renewable electricity price and

further technological development, the chemical industry will witness more and

more electrolyzers playing significant roles along industrial supply chains.14–16

Although the technological improvements and device scaling-up of individual elec-

trochemical reactions, such as water splitting and CO2 reduction,17–20 remain the

focal points in the field, we have begun to see more recent reports on coupling elec-

trochemical reactors with upstream or downstream reactors for more complicated

products that are typically impossible from electrolyzers alone.21–26 One typical

coupling strategy is the tandem system, where the electrochemically generated in-

termediate products are continuously fed into a downstream reactor for product up-

gradation (Figure 1A). Examples include coupling electrochemical devices with bio-

reactors for the conversion of CO2 into high-value chemicals (Figure 1A).27–29

Another type of coupling is the mediator coupling reaction, in which the anodically

or cathodically generated reaction mediators, such as Cl� to ClO� or Cl radicals, as
Joule 7, 1–15, August 16, 2023 ª 2023 Elsevier Inc. 1



Figure 1. Different reactor coupling strategies

(A) Traditional tandem reaction where electrochemically generated intermediate products are continuously fed into a downstream reactor for product

upgradation.

(B) Mediator coupling reactions by using the mediator produced at the cathode or anode.

(C) Ideal system: integrated electrochemical-chemical reaction coupling strategy by efficiently using the electrogenerated highly concentrated

interfacial intermediates for subsequent reactions.
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well as O2 to ,OH, can homogeneously react with a fed-in reactant for obtaining the

target product and are converted back to their original status for the next round of

reaction (Figure 1B).30–34

Although exciting progress has been made in the development of these coupling re-

actions, their design and engineering are still distilled down to individual reaction

optimizations, which have not yet leveraged one unique property of electrocatalysis:

the high concentration of generated products/intermediates at the catalyst/electro-

lyte interface.35,36 As is well documented in electrocatalysis, the surface-generated

molecules are typically accumulated at the catalyst/electrolyte interface before they

slowly diffuse away into the bulk electrolyte or the gas chamber. For example, in the

formation of liquid products, due to the sharp catalyst/electrolyte interface (typically

in micrometer scales) compared with bulk electrolyte (typically in millimeter scales),

the product concentration at this interfacial region could be orders of magnitude

higher than the average concentration when all the molecules are well dispersed

into the electrolyte.37 However, in a traditional electrochemical-chemical tandem re-

action system, this concentration gradient will disappear before the product stream

flows into the downstream reactor, losing the opportunity tomake full use of the high

interfacial concentrations to accelerate the follow-up reaction. How to leverage this

unique property in electrocatalysis and the impacts of this interfacial high concentra-

tion on the follow-up reaction activity are still unclear.38

Different from traditional coupling systems, here, we demonstrated an interfacial

electrochemical-chemical reaction coupling design to fully leverage the interfacial

high product concentrations in electrochemistry to boost the consecutive chemical

reactions (Figure 1C). Using olefin epoxidation reaction as a model reaction, which
2 Joule 7, 1–15, August 16, 2023
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is sensitive to the concentration of oxidants,39 we integrated oxygen reduction re-

action (ORR) to hydrogen peroxide (H2O2) with a subsequent ethylene (C2H4)

epoxidation reaction (to ethylene glycol [EG]) into one solid electrolyte (SE)

reactor. This integration allowed us to achieve a 3-fold improvement in EG produc-

tion rates and 2-fold in H2O2 utilization efficiencies when compared with a tradi-

tional tandem reactor system. Specifically, by directly feeding ethylene into the

SE layer of our integrated reactor, under a 25 mA/cm2 ORR current density, the

EG production rate can reach 583 mmol/h, delivering a H2O2 utilization efficiency

of 96% and an overall Faradaic efficiency of 98.7%. This interfacial reaction integra-

tion strategy can be extended to other electrochemical-chemical coupling reac-

tions, especially when the coupled chemical reaction is sensitive to reactant

concentrations.

Concept demonstration

Glycols, especially EG and propylene glycol (PG), are important feedstocks for in-

dustrial polymer synthesis and antifreezes, which are normally obtained from the

direct oxidation of olefins40 or hydrolysis of olefin oxides.41,42 Recently, using

H2O2 instead of chlorine for olefin epoxidation on titanium silicalite-1 (TS-1) catalyst,

especially the well-known hydrogen peroxide to propylene oxidation (HPPO) pro-

cess,43 has attracted extensive attention in both industry and academia due to its

high product selectivity and environmentally benign process (producing H2O as

the byproduct).44–48 In our group’s recent studies on the electrochemical synthesis

of H2O2, we developed a unique SE reactor that enables direct and continuous syn-

thesis of high purity H2O2 solutions via 2e
�–ORR.49–51 By performing 2e�–ORR elec-

trolysis on the cathode, H2O2 molecules could be continuously formed at the mem-

brane/SE interface via ionic recombination between HO2
� (transported from the

cathode) and H+ (transported from the anode). When mixing TS-1 catalyst particles

inside the middle SE layer, this integrated SE reactor can serve as a perfect platform

to demonstrate the interfacial electrochemical-chemical reaction coupling strat-

egy—we can leverage the high local concentration of H2O2 molecules to boost

the following olefin epoxidation reaction before they gradually diffuse and are

diluted into the bulk deionized (DI) water stream.

In order to prove this concept, we designed a novel three-chamber SE reactor to

realize an interfacial integration of electrochemical and chemical reactions (Fig-

ures 2 and S1). The main chamber (middle layer) of the SE cell was filled with a

mixture of SE and TS-1 particles and was separated by an anion exchange mem-

brane (AEM) and cation exchange membrane (CEM) from the cathode and anode,

respectively. The cathodic ORR via 2e�–ORR catalyst (carbon black) could selec-

tively generate HO2
� species that were subsequently transported through AEM

into the middle layer (Figure 2B, Equation 1). These anion species were recom-

bined with the proton flux that was transported from the anode chamber via the

CEM and SE particles (proton conductors) (Figure 2B, Equations 2 and 3). There-

fore, the AEM/SE interface has the highest H2O2 concentration during electrolysis.

By co-feeding ethylene and DI water into the middle chamber during ORR electrol-

ysis, ethylene can be efficiently oxidized by the interfacial H2O2 to generate

ethylene oxide (EO) (Figure 2B, Equation 4), followed by the hydrolysis on the sur-

face of SE to form EG as the final product (Figures 2B, Equation 5 and S2; Notes S1

and S2). Combined with half-cell oxygen evolution reaction (OER) at the anode

(Figure 2B, Equation 2) and the coupled chemical epoxidation reaction in the

main chamber (Figure 2B, Equations 3–5), we can conclude the overall reaction us-

ing O2, ethylene, and DI water as reactants and EG as the only product with an

excellent atom economy (Figure 2B, Equation 6).
Joule 7, 1–15, August 16, 2023 3



Figure 2. Our integrated solid electrolyte reactor design for interfacial electrochemical-chemical reaction coupling

(A) Schematic of our integrated three-chamber solid electrolyte (SE) reactor. See also Figure S1.

(B) Proposed reaction mechanism.39 See also Figure S2.

(C and D) COMSOL modeling for H2O2 distribution in the middle SE layer under a 25 mA/cm2 2e�–ORR current. See also Figure S3.

(E) Comparison between the interfacial concentration and the average concentration of generated H2O2 at the outlet of the middle layer.
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To have a rough understanding of how high the interfacial H2O2 concentration could

be in our SE reactor when compared with the downstream output concentration

(average bulk concentration), we constructed a two-dimensional (2D) COMSOL

model to map out the H2O2 concentration distribution near the catalyst surface

(Figures 2C–2E and S3). As expected, the H2O2 concentration is highest at the

left-hand boundary, where the reaction occurs and H2O2 flux is introduced. The

H2O2 concentration reaches above 2.06 wt % closer to the surface at 25 mA/cm2,

whereas the average concentration in the channel is around 0.081 wt % (Figure 2C).

This results in an interfacial concentration that is more than 25 times higher than the

average concentration in the channel. This simulation result suggests that, if we can

confine the following epoxidation reaction right at the catalyst/electrolyte interface,

the overall efficiency of the coupling reaction could be dramatically boosted.
RESULTS AND DISCUSSION

Because commercial TS-1 catalyst is not ionically conductive, we need to balance

mass loading of the catalyst and the SE within the middle layer to guarantee a low

ohmic loss while maximizing the epoxidation reaction rate (which is correlated

with the TS-1 loading). Similar particle sizes of SE and TS-1 catalyst were chosen

to ensure a uniform distribution during the continuous water flow (Figures S4–S5;

Note S3). We first fixed a 1:1 mass ratio of SE to TS-1 in our reactor to investigate

the impact of TS-1 catalysts on the catalytic performance of the integrated SE reactor
4 Joule 7, 1–15, August 16, 2023



Figure 3. Catalyst characterization and cell performance at a fixed ORR current of jtotal = 25 mA/cm2

Without further notification, the standard reaction conditions are as follows: 2 cm2 electrode area (1.38 cm 3 1.45 cm), 20 mL DI water (0.70 mL/min

recirculation flowrate) and 1 mL/min C2H4 flow, 1:1 ratio of TS-1 to SE (by weight, the total middle layer loading is 740 mg) in the middle chamber

(2.5 cm 3 2.5 cm 3 0.25 cm), and continuous electrolysis time of 5 h. Target products were analyzed in an average value after a corresponding reaction

period. Measurements were taken at least three times, and the average values are listed with the standard deviation as error bars. The H2O2 production,

EG production, EG selectivity, and H2O2 utilization efficiency were analyzed in an accumulative way (over the whole reaction period), whereas the EG

production rate and the Faradaic efficiency were analyzed instantaneously during the past 1-h period if there was no further notification. See also

Figures S4–S12.

(A and B) The Faradaic efficiencies of H2O2 and IV curves at various applied current densities without C2H4 input of the SE reactor with (green) and

without (blue) TS-1 catalyst inside the middle layer chamber.

(C) H2O2 accumulation of our integrated SE reactor (cell assembled with TS-1 catalysts) with (orange) or without (black) C2H4 input.

(D) Accumulation (orange) and instantaneous production rate (purple) of EG.

(E) Faradaic efficiencies of remaining H2O2 (green), generated EG (purple), and EO (blue), and the sum of them (gray), representing the FE of 2e�–ORR.

(F) Three types of methods for evaluating H2O2 utilization efficiency, assuming FEH2O2 = 100% (purple); FEH2O2 = 94.7% (H2O2 performance in the SE

reactor without TS-1 catalyst, orange); FEH2O2 = 84.9% (H2O2 performance in the SE reactor with TS-1 catalyst, green).
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(without introducing ethylene). As shown in Figures 3A and 3B, the introduction of

TS-1 only slightly decreased the Faradaic efficiencies of H2O2 from 92%–94% to

83%–86% and increased the cell voltage from 1.89–2.50 V to 2.24–4.31 V, which

may be due to accelerated H2O2 self-decomposition on TS-1 catalyst and increased

middle layer resistance, respectively (Figure S6; Note S4). To precisely quantify the

generated H2O2 and EG and accumulate a baseline H2O2 concentration, we contin-

uously recirculated a certain volume of DI water through the middle layer of our

reactor (see experimental procedures and schematic Figure S7). Under a fixed

ORR current of 25 mA/cm2 without ethylene, the H2O2 concentration showed almost

linear increase to a bulk concentration of 0.67 wt % during the 5-h electrolysis (Fig-

ure S8), with an average production rate of 784 mmol/h (Figure 3C). This accumulated

H2O2 concentration sharply decreased when ethylene was introduced to the middle

layer, suggesting the utilization of H2O2. By analyzing the recirculated DI water using

nuclear magnetic resonance (NMR) spectroscopy, we were able to detect the gener-

ation of both EG and EO, with EG being the dominant species (>95%, Figures S9 and

S10). No other side products, such as glycolaldehyde, acetaldehyde, or formic acid,

were detected (Figures S10–S12).40 The production rate of EG gradually increased

from 178 mmol/h at the first hour to a steady state of over 500 mmol/h (Figure 3D).
Joule 7, 1–15, August 16, 2023 5
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One possible reason for this improved performance was that the H2O2 bulk concen-

tration gradually increased from 0 to 0.33 wt % (Figure S8). A more likely reason

could be the TS-1 catalyst activation process as reported by Copéret et al.,39 where

the TS-1 catalyst was activated by consuming in situ-generated H2O2 to form the

active catalytic species, resulting in less H2O2 than expected during the initial olefin

epoxidation. Our experimental results also supported this hypothesis (Figure 3E).

The overall Faradaic efficiency of detectedORR and epoxidation products, including

EG, EO, and the remaining H2O2, was around 98.7% under steady-state reaction

rates, which was close to the 2e�–ORR selectivity (�95%) in our SE reactor and sug-

gested the full detection of all significant products. However, the overall Faradaic ef-

ficiency (FE) in the first hour was only 79%, missing an obvious portion that was

consumed during the catalyst activation process. The maximal FEEG we achieved

was at �63%, suggesting that 63% of the overall ORR electrons were eventually

used for EG generation, and the corresponding FEH2O2 was at �36%, which repre-

sents the part of H2O2 that was not used for epoxidation and was responsible for

the continuous increase of H2O2 baseline concentration (Figure 3C). Another impor-

tant parameter in this reactor system is the H2O2 utilization efficiency (Figure 3F;

defined in experimental procedures), which is, however, not straightforward to mea-

sure precisely. There are three ways to evaluate the H2O2 utilization efficiency based

on the estimation of total generated H2O2. First, the lower limit can be obtained by

assuming a 100% intrinsic H2O2 FE, yielding up to 87% H2O2 utilization efficiency

(Figure 3F, purple). Second, a more realistic estimation is to assume the 2e�–ORR

intrinsic FE, when coupled with TS-1 and ethylene epoxidation, is similar to the

intrinsic H2O2 FE of 94.7% in our SE reactor without TS-1 catalyst, resulting in up

to 96% H2O2 utilization efficiency (Figure 3F, orange). The estimated utilization effi-

ciency could surpass 100% (Figure 3F, green) if we use a detected H2O2 FE (85%)

when TS-1 catalyst was introduced but without ethylene (Figure 3B, green), suggest-

ing that the species generated during the TS-1 catalyst activation process could also

be utilized for ethylene epoxidation. Thus, we decided to use the second method to

describe our H2O2 utilization efficiency as the most realistic estimation in this study.

Analysis of the interfacial effect

To confirm the interfacial effects on EG generation in our integrated SE reactor, we

prepared different concentrations of 20 mL H2O2 solution, ranging from 0.11 to

5.0 wt %, to be directly fed and recirculated into the middle chamber of our

reactor together with ethylene but without ORR electrolysis. The concentrations

from 0.11 to 0.6 wt % were prepared to roughly match the average H2O2 concen-

trations generated via 2e�–ORR (at �85% H2O2 FE) at different reaction times

(1, 2, 3, 4, and 5 h, respectively), assuming no H2O2 utilization. The aim of this con-

trol experiment was to examine the EG production performance under a uniformly

distributed H2O2 electrolyte and compare it with that of interfacial integrated re-

action. The results shown in Figures 4A and 4B suggest a profound impact of

the interfacial reaction. In the case of 0.6 wt % H2O2 solutions, which is close to

the average H2O2 concentration after a 5-h continuous 2e�–ORR electrolysis

without consumption, the EG production was only 41% of that when coupling

the ethylene oxidation with ORR at the interface (Figure 4A). The performance

of bulk electrolyte reactions eventually caught up with the interfacial integrated re-

action system when we used a 5.0 wt % H2O2 solution, suggesting a powerful

interfacial effect. More importantly, the H2O2 utilization efficiency of our interfacial

coupling system outperformed the case of uniform H2O2 concentration (Figure 4C),

which guarantees a good balance of both high catalytic reaction rate and high

H2O2 utilization efficiency for future practical applications (for more details, see

Figure S13 and Note S5).
6 Joule 7, 1–15, August 16, 2023



Figure 4. Comparison between the interfacial integrated reaction system and the traditional tandem reaction system

(A–C) The EG accumulation, production rate, and H2O2 utilization efficiency were measured by directly co-feeding different concentrations of H2O2

solutions with C2H4 into the SE/TS-1 middle layer without ORR electrolysis. Experimental results without error bars were averaged by at least two data

points if there was no further notification. Without further notification, all the data from the 25 mA/cm2 conditions stem from the same experiments, with

Figure 3 for comparison. See also Figure S13.

(D and E) Schematics of a traditional tandem reaction system and our interfacial electrochemical-chemical reaction coupling system.

(F–H) The EG production comparison between our interfacial integrated SE reactor and the traditional Echem-Chem tandem reactor under an ORR

current of jtotal = 25 mA/cm2. See also Figure S14.
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To directly compare our interfacial integrated reaction system with the traditional

tandem reaction system (Figures 4D and 4E), we evaluated the EG generation per-

formance by separating the ORR to H2O2 and the C2H4 epoxidation reaction into

two independent reactors—the first one is our regular SE reactor only for H2O2 gen-

eration without TS-1 catalyst or C2H4 input; the generated H2O2 stream and C2H4

were co-fed into the second reactor for epoxidation. Please note here that the sec-

ond reactor, without electrolysis, is the same as our integrated SE reactor (TS-1 cata-

lyst and SE particle mixture) for a fair epoxidation reaction comparison. After a 5-h

electrolysis at 25 mA/cm2, the EG accumulation and production rate (Figures 4F

and 4G) from the electrochemical-chemical tandem reactor were only 1/3, and the

H2O2 utilization efficiency (Figures 4H and S14; Note S6) was only half of those in

our interfacial integrated electrochemical-chemical reactor, suggesting the great

advantage of our interfacial electrochemical-chemical reaction coupling strategy

over traditional tandem systems. As a side note, the EG production performance
Joule 7, 1–15, August 16, 2023 7
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of the tandem reactor was also in good agreement with that of direct H2O2 feeding

without electrolysis. For example, the tandem reactor via a 4-h 2e�–ORR electrolysis

generated 592 mmol of EG (Figure 4F), whereas the direct feeding of 0.46 wt % of

H2O2, which is equivalent to the amount of H2O2 generated during the 4-h electrol-

ysis, in total generated 607 mmol EG (Figure 4A).

Impacts of cation, ORR current density, and TS-1 loading on EG generation

Furthermore, a series of control experiments were performed for the optimization

and improvement of our integrated SE reactor. Without considering the down-

stream separation of impurity ions, the introduction of liquid electrolytes (such as

Na2SO4, NaH2PO4, and K2HPO4) instead of pure DI water could decrease the cell

resistance and improve the cell voltages. However, regardless of whether their pH

values were slightly acidic (NaH2PO4), neutral (Na2SO4), or slightly basic (K2HPO4),

the liquid electrolytes all exhibited significantly lower performance on EG produc-

tion (only 11%–28% of that with DI water flow) and lower H2O2 utilization efficiency

(41%–65% vs. 96%) when comparing with DI water flow in SEs (Figures 5A–5D and

S15). Although the presence of cations in the middle layer does not affect the FE

of 2e�–ORR, we suspect that the epoxidation reaction rate could be negatively

affected by alkaline cations, suggesting the important role of proton flux or the

SE’s acidic sites for the epoxidation reaction (Note S7).52–54

The EG generation performance of our integrated system is relevant to both the

H2O2 generation rate and the epoxidation reaction rate, which act synergistically.

Therefore, different current densities ranging from 10 to 50 mA/cm2 were tested

to understand the impact of H2O2 generation rates. In Figures 5E and S16, the EG

production was observed to be linearly scaled with the applied current densities

in the range of 10 to 25 mA/cm2. However, when we further increased the current

to 50 mA/cm2, the increase in EG production started to deviate from the linear in-

crease. This observation suggested that, in the current cell configuration, the overall

reaction rate was limited by H2O2 generation before 25 mA/cm2 and was limited by

the epoxidation reaction when theORR current was higher than 25mA/cm2 (for more

details, see Figure S16C and Note S8). We must emphasize here that the epoxida-

tion reaction in our system has not been optimized yet and there is still lot of

room to improve it, including by enhancing the mass transport of C2H4 gas to the

reaction sites and the surface area and porosity of TS-1 catalyst. The impact of

TS-1 catalyst loading was also analyzed. As expected, the decrease in catalyst

loading resulted in decreased EG generation rate, Faradaic efficiency, selectivity,

and H2O2 utilization efficiency (Figures 5I–5L and S17). More catalyst loading, espe-

cially at the AEM/SE interface, could further improve our EG production in the future.

Long-term stability test

The long-term stability of our interfacial electrochemical/chemical reaction coupling

system was evaluated under a fixed ORR current (10 mA/cm2) in 200 mL of recircu-

lated DI water (Figures 6A–6D and S18–S19). The cell potential during the 200-h

electrolysis gradually increased from�2 to�4 V, probably due to membrane degra-

dation and the continuous accumulation of organic products (EG) (Figure 6A; Note

S9). From the production rate of EG, it was clear that catalyst pre-activation required

around 20 h when using a lower current density and a larger volume of recirculated

solution, yielding a relatively diluted H2O2 bulk concentration (Figure 6B; Note S10).

Our interfacial reaction coupling system could accumulate EG with an excellent

selectivity of 99.7% to 150 mM (with a volume of 200 mL DI water) in 200 h and a

high H2O2 utilization efficiency of 93% (Figures 6C and 6D). A thinner AEM (for

more details, see Figure S19 and Note S11) was also used for stability test and
8 Joule 7, 1–15, August 16, 2023



Figure 5. The EG production analysis under different liquid electrolytes, current densities, and TS-1 catalyst loadings

EG production, EG production rate, EG Faradaic efficiency, and H2O2 utilization efficiency were compared under the following:

(A–D) Different liquid electrolyte (jtotal = 25 mA/cm2): DI water (orange), 0.1M Na2SO4 (green), 0.2M NaH2PO4 (purple), and 0.1M K2HPO4 (blue).

(E–H) Different current densities (10–50 mA/cm2).

(I–L) Different TS-1 catalyst loading (jtotal = 25 mA/cm2): SE:TS-1 = 1:1 (TS-1: �370 mg, orange), SE:TS-1 = 2:1 (TS-1: �246 mg, green), SE:TS-1 = 4:1

(TS-1: �148 mg, purple). See also Figures S15–S17.

ll

Please cite this article in press as: Zhang et al., Interfacial electrochemical-chemical reaction coupling for efficient olefin oxidation to glycols,
Joule (2023), https://doi.org/10.1016/j.joule.2023.06.022

Article
gave a slightly higher EG Faradaic efficiency of 70% (53% from the thicker AEM),

demonstrating the robustness of our integrated electrochemical-chemical SE

reactor for utilizing the interfacial species.
Conclusions

In summary, we designed an integrated electrochemical-chemical reaction coupling

reactor, which demonstrated superior performance and design advantages when

compared with traditional tandem coupling reactions. To achieve this exceptional

capability, our integrated three-chamber SE reactor efficiently utilizes the electrochem-

ical in situ-generated highly concentrated intermediates at the cathode interface for the

desired chemical reaction. By paring the 2e�–ORR electrolysis with a model olefin

epoxidation, our integrated reactor demonstrated an over 300% increase in EG forma-

tion and a 175% higher H2O2 utilization efficiency compared with the typical tandem
Joule 7, 1–15, August 16, 2023 9



Figure 6. Stability testing

Standard condition variation: using a Sustainion� X37–50 Grade T (�82 um thickness), 200 mL DI water, and jtotal =10 mA/cm2.

(A) Cell potential over 200 h continuous operation under 10 mA/cm2.

(B) EG production rate (purple column) and accumulated EG generation (blue line).

(C) Accumulated concentration of EG.

(D) Utilization efficiency of H2O2 (green column) and selectivity of EG (black line). See also Figures S18–S19.
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reactor. Moreover, without using any liquid electrolyte, our SE reactor achieved a 200-h

operation to furnish pure EG with an excellent EG selectivity of 99.7% and H2O2 utili-

zation efficiency of 93%, which avoided additional expense for further salt purification.

With a current density of 25mA/cm2, our design could achieve an EGproduction rate of

583 mmol/h, along with a H2O2 utilization efficiency of 96%. Although the EG produc-

tion rate could be improved to 663 mmol/h at 50mA/cm2, the real breakthrough would

be seeking a more highly active material, and we are currently focusing on this critical

area of investigation. Importantly, our integrated device is not only suitable for olefin

epoxidation but also serves as a powerful framework to enhance other electrochemical

reactions coupled with reactant concentration-sensitive chemical reactions, which

could avoid energy-intensive separation or concentration steps typically needed be-

tween the electrochemical and chemical reactions.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Haotian Wang (htwang@rice.edu).

Materials availability

This study did not generate new unique materials.

Data and code availability

This study did not generate or analyze datasets or code.
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Chemicals and materials

TS-1 was purchased from ACS Material. C2H4 (>99.9%) was purchased from Airgas.

SE (Amberchrom 50WX8, 200–400 mesh, hydrogen form), NaH2PO4 (R99.0%),

K2HPO4 (R99.0%), Na2SO4 (R99.0%), MeCN (R99.8%), H2SO4 (95.0%–98.0%),

EG (>99.8%), EO (50 mg/mL in methanol), 0.1 N KMnO4 standardized solution, Na-

fion 117 solution (5%), and isopropanol were all purchased from Sigma-Aldrich. D2O

(99.9% D) was purchased from Cambridge Isotope Laboratories. Sigracet 28 BC gas

diffusion layer (GDL) and Nafion 1110 were purchased from Fuel Cell Store. Carbon

black (BP2000) was purchased from Cabot Corporation. AEM (Sustainion X37–50

Grade T) and IrO2 on carbon paper (OER catalyst) were purchased from dioxide

materials.
ORR catalyst preparation

15mg BP2000, 120 mL 5%Naffion 117, and 4mL IPAwere added to a 10mL glass vial

and sonicated for 1 h. Subsequently, this ink was sprayed onto a GDL (6 3 6 cm2) via

a spray gun. Finally, it was dried and cut into 1.383 1.45 cm2 (density of ORR catalyst

is around 0.41 mg/cm2) species as cathode.
Epoxidation catalyst (TS-1) characterization

All X-ray diffraction (XRD) spectra were calibrated by shifting the detected carbon C

1s peak to 284.6 eV, and scanning electron microscope (SEM) spectra were per-

formed on a FEI Quanta 400 field emission SEM.
Interfacial electrochemical-chemical reaction coupling reaction test

All the electrochemical measurements were performed at ambient temperature. A

BioLogic VMP3 workstation was employed to record the electrochemical response

without infrared (IR) compensation. GDL (2 cm2) loaded with BP2000 was used as

ORR catalyst, and commercial IrO2 on GDL (2 cm2) was used as OER catalyst. The

three-chamber SE cell was composed of a cathode chamber, an anode chamber,

and a middle layer filled with the mixture of SE and TS-1 (or only SE), which was sepa-

rated by an AEM and a CEM. The cathode chamber was fed with an O2 flow rate of

15 mL/min and the anode chamber was fed with a 0.20 mL/min DI water flow rate.

20 mL of DI water or 20 mL of certain concentrated H2O2 (electrochemically gener-

ated from our SE cell to eliminate the effect of stabilizer in the commercial H2O2) in a

20 mL glass vial was recycled with a 0.70 mL/min flow rate into the main chamber

(middle layer) and then co-fed with C2H4 (gas flow rate: around 1 mL/min) through

a Y-Type connector. After the desired reacting time, 40 mL of liquid was used for

the titration of H2O2 and 50 mL for 1H-NMR (500 or 600 MHz) or/and 13C-NMR

(151 MHz) to do the liquid product analysis (using 3 mmol of MeCN per 100 mL of

D
2
O solution as the internal standard). NMR spectra were recorded on a 500 or

600 MHz standard-bore (SB) Liquid Bruker Advance NMR spectrometer using water

suppression technology.

H2O2 concentration was measured by standard potassium permanganate (0.1 N

KMnO4 solution, Sigma-Aldrich) titration process, according to following equation:

2KMnO4 + 5H2O2 + 3H2SO4 / 2MnSO4 + K2SO4 + 5O2 + 8H2O

In this project, under certain conditions, 40–100 mL of liquid product was collected

for KMnO4 titration.
Joule 7, 1–15, August 16, 2023 11
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Preparing the internal standard solution

Solution A: (300 mmol/100 uL in D2O): 783 mL MeCN into 5 mL volumetric flask, filled

up with D2O to 5 mL.

Internal standard solution B: (3 mmol/100 mL in D2O): 1 mL solution A into a 100-mL

volumetric flask, filled up with D2O to 100 mL, and solution B was used for the NMR

analysis. The volumes of certain reaction solutions (40–100 mL) and internal stan-

dards (40–100 mL) are mixed with a volume ratio of 1/1.

nEG =
SEG=NEG

SCH3CN=NCH3CN
3 nCH3CN
nEO =
SEO=NEO

SCH3CN=NCH3CN
3 nCH3CN

(nCH3CN [mol], nEG [mol], and nEO [mol] are the amounts of added internal standard

MeCN and generated products EG and EO; SEG and SCH3CN are the peak areas in
1H-NMR spectra; NEG, NEO, and NCH3CN are the number of protons in HOC2H4OH

[NEG = 4], C2H4O [NEO = 4], and CH3CN [NMeCN = 3]).

The calculation of H2O2, EG, and EO Faradaic efficiency and EG selectivity and
production rate

H2O2, EG, and EO Faradaic efficiency (FEH2O2, FEEG, and FEEO):

FEH2O2 ð%Þ =
Conc:H2O2 ðmol=LÞ3VolumeðLÞ3 2396485ðC=molÞ

jtotal ðmAÞ3 timeðsÞ 3 100:
FEEG ð%Þ =
Conc:EG ðmol=LÞ3VolumeðLÞ3 23 96485ðC=molÞ

jtotal ðmAÞ3 timeðsÞ 3 100:
FEEO ð%Þ =
Conc:EO ðmol=LÞ3VolumeðLÞ3 23 96485ðC=molÞ

jtotal ðmAÞ3 timeðsÞ 3 100:

(Conc.H2O2 [mol/L], Conc.EG [mol/L], and Conc.EO [mol/L] are the concentrations of

generated H2O2, EG, and EO).

Note: Theoretically, the epoxidation of olefin with H2O2 to form EO and the fol-

lowed-up hydrolysis of EO into EG are not electrochemical reactions. To standardize

the quantitativemeasurement of the interfacial integrated 2e�–ORR/epoxidation re-

action, we have also employed an electrochemical quantitative method to calculate

EO and EG Faradaic efficiencies. EO and EG were obtained from H2O2 and C2H4 via

two-electron transfer.

EG selectivity:

EG selectivity ð%Þ =
nEG

nEG+nEO
3 100:

EG production rate:

EG production rate ðmmol = hÞ =
nEGðt2Þ � nEGðt1Þ

t2 � t1
3 100:

After a time of t1 (h) and t2 (h), EG was obtained with a value of nEG(t1) (mmol) and

nEG(t2) (mmol).
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Two methods for calculating the H2O2 utilization efficiency
Measurement for a 2e�–ORR/epoxidation reaction coupling.

H2O2 utilization efficiency ð%Þ = nEG+nEO

ng
H2O2 3 FErealistic

H2O2 � nr
H2O2

3 100:

(ngH2O2: generated H2O2 [mol] if FEH2O2 = 100%; FErealistic
H2O2 = H2O2 Faradaic efficiency

[94.7%, SE reactor without TS-1 nor C2H4], nrH2O2: remaining H2O2 [mol] after 2e�–
ORR/epoxidation reaction).

Measurement for an epoxidation reaction when using different concentrated H2O2

concentration without electrolysis.

H2O2 utilization efficiency ð%Þ = nEG+nEO

ns
H2O2 � nr

H2O2

3 100:

(nsH2O2: starting amount of H2O2 [mol]; nrH2O2: remaining H2O2 [mol] after reaction).

Interfacial H2O2 concentration modeling

To achieve this, we utilized the transport of dilute species in porous media and sin-

gle-phase flow modules to simulate the H2O2 flux at a current density of 25 mA/cm2,

a DI water flow rate of 0.7 mL/min through a SE with 0.45 porosity, and an H2O2 Fara-

daic efficiency of 95%. Due to the convection effects of the DI water flow, areas

closer to the water inlet are more diluted than areas further up along the electrode

surface (Figures 2C and 2D). It confirms the fully developed flow profile with no-slip

boundary conditions on the side walls (Figure S3). As expected, the flow reaches its

maximum at the center and gradually decreases as it approaches the static walls.

V:Ji + u:Vci = Ri + Si is solved numerically by the model, which considers both diffusion

and convection contributions. The velocity ‘‘u’’ required for this calculation is obtained

by solving the Navier-Stokes equation. H2O2 production rate is calculated using

jH2O2
=

FEH2O2
�jtotal

n�A�F where jH2O2
is the flux of H2O2, jtotal is the applied current, n is the

number of electrons transferred, A is the area, and F represents Faraday’s constant.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.

2023.06.022.
ACKNOWLEDGMENTS

This work was supported by Shell (contract No. CW643915). We appreciate the sug-

gestions and discussions with researchers from Shell: Reza Mirshekari, Sander van

Bavel, Alexander Vander Made, and Oyinkansola Romiluyi, during the project.
AUTHOR CONTRIBUTIONS

S.-K.Z. and H.W. conceptualized the project. H.W. supervised the project. S.-K.Z.

conducted the catalytic tests of catalysts and the related data processing. S.-K.Z.

and H.W. wrote the manuscript. Y.F. designed the schematic. Y.F. and C.Q. per-

formed the materials characterization. A.E. and Z.A. conducted the COMSOL

modeling part. Y.X. and C.S. repeated the experiment. All authors discussed the re-

sults and commented on the manuscript.
DECLARATION OF INTERESTS

The authors declare no competing interests.
Joule 7, 1–15, August 16, 2023 13

https://doi.org/10.1016/j.joule.2023.06.022
https://doi.org/10.1016/j.joule.2023.06.022


ll

Please cite this article in press as: Zhang et al., Interfacial electrochemical-chemical reaction coupling for efficient olefin oxidation to glycols,
Joule (2023), https://doi.org/10.1016/j.joule.2023.06.022

Article
INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: April 21, 2023

Revised: June 15, 2023

Accepted: June 29, 2023

Published: July 24, 2023
REFERENCES
1. She, X., Wang, Y., Xu, H., Chi Edman Tsang, S.,
and Ping Lau, S.P. (2022). Challenges and
opportunities in electrocatalytic CO2 reduction
to chemicals and fuels. Angew. Chem. Int. Ed.
Engl. 61, e202211396.

2. Meyer, T.H., Choi, I., Tian, C., and Ackermann,
L. (2020). Powering the future: how can
electrochemistry make a difference in organic
synthesis? Chem 6, 2484–2496.

3. Liu, J., Lu, L., Wood, D., and Lin, S. (2020). New
redox strategies in organic synthesis by means
of electrochemistry and photochemistry. ACS
Cent. Sci. 6, 1317–1340.

4. Anson, C.W., and Stahl, S.S. (2020). Mediated
fuel cells: soluble redox mediators and their
applications to electrochemical reduction of
O2 and oxidation of H2, alcohols, biomass, and
complex fuels. Chem. Rev. 120, 3749–3786.

5. Wiebe, A., Gieshoff, T., Möhle, S., Rodrigo, E.,
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