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ABSTRACT: Finding ways to reduce reactor volume while increasing
product output for electro-organic reactions would facilitate the broader
adoption of such reactions for the production of chemicals in a
commercial setting. This work investigates how the use of flow with
different electrode structures impacts the productivity (i.e., the rate of
product generation) of a TEMPO-mediated azidooxygenation reaction.
Comparison of a flow and batch process with carbon paper (CP)
demonstrated a 3.8-fold-higher productivity for the flow reactor. Three
custom carbon electrodes, sintered carbon paper (S-CP), carbon
nanofiber (CNF), and composite carbon microfiber-nanofiber (MNC),
were studied in the flow reactor to evaluate how changing the electrode
structure affected productivity. Under the optimum conditions, these
electrodes achieved productivities 5.4, 6.5, and 7.8 times higher than the
average batch reactor, respectively. Recycling the outlet from the flow reactor with the MNC electrode back into the inlet achieved
an 81% yield in 36 min, while the batch reactor obtained a 75% yield in 5 h. These findings demonstrate that the productivity of
electro-organic reactions can be substantially improved through the use of novel flow-through electrodes.
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■ INTRODUCTION

Organic electrochemistry involves the application of a voltage
across and current through a solution to achieve the desired
oxidation or reduction of organic molecules. By changing the
applied voltage, one can achieve a broad range of reactivity for
activating inert chemical bonds or suppressing unwanted
reactions. Stoichiometric quantities of potentially hazardous
oxidants and reductants can be eliminated by using electrons
and holes to provide redox equivalents.1−7 The advantages of
organic electrochemistry have motivated a renewed interest in
its application to solving difficult synthetic problems.8,9

Despite its advantages, organic electrochemistry is not
widely used for the production of pharmaceuticals. One hurdle
to adoption by medicinal chemists is accessibility and
standardization. These issues are being addressed through
the development of instruments such as the ElectraSyn 2.0
system and platforms for high-throughput experimenta-
tion.10−14

A second hurdle exists for process chemists: scaling up
promising electrochemical reactions to produce kilograms in a
small amount of time and space.15 In this case, a key figure of
merit is the productivity, i.e., amount of product produced per
unit time. The productivity can be normalized to the electrode
area to compare different electrode configurations. One
approach to the problem of scale-up is to create electro-

chemical flow cells in which the reaction solution flows
between parallel plates.9,16−20 For example, the long-channel
(2 m), spiral “Ammonite” flow cell has reported a production
rate of 0.2 g h−1 per cm2 of electrode area for the
methoxylation of N-formylpyrrolidine.17 However, such
parallel plate reactors do not take advantage of the much-
higher volumetric surface areas of 3D porous electrodes,21 such
as metal mesh,22 metal foam,23 graphite felt,24,25 carbon paper
(CP),26 and reticulated vitreous carbon (RVC).27−29 For
reactions that are limited by charge transfer, the higher
volumetric surface area of a 3D porous electrode can
theoretically increase the rate of the reaction in proportion
to its higher electrode surface area.30 For reactions that are
limited by transport of the reactant to the electrode surface,
incorporating flow across or, better yet, through a porous
electrode can increase the rate of the reaction to an even
greater extent.21,31 In both cases, the use of flow-through 3D
porous electrodes can enable intensification of the electro-
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chemical reaction, thereby minimizing the time and space
required to produce sufficient quantities of the desired
product.31−35

Since organic electrochemists nearly always utilize commer-
cially available electrodes, there are many reactions for which it
is unclear to what extent changing the structure of an electrode
can improve the productivity of an electro-organic reaction.31

We have recently explored how the use of a copper nanowire
felt in a flow-through reactor can improve the productivity of
an electrochemical process.31 The higher surface area and
mass-transport coefficient enabled a 4.2-fold increase in the
productivity of a cyclization reaction. However, most electro-
organic reactions consist of oxidations that would dissolve the
copper nanowire electrode. In addition, many electro-organic
reactions use a mediator, such as 2,2,6,6-tetramethylpiperidine
N-oxyl (TEMPO), to facilitate the desired transforma-
tion.36−38 It is not clear to what extent changing the structure
of the electrode can increase the rate of electro-organic
reactions that utilize a mediator.
In this work, we explore how the use of flow and changing

the structure of a carbon-based electrode can improve the
productivity of TEMPO-mediated azidooxygenation of alkenes
(see Figure 1).37 We focused our study on the TEMPO-
mediated azidooxygenation of alkenes for three reasons: (1)
TEMPO is a widely used mediator, so the extent to which the
productivity of this reaction can be improved may apply to
other TEMPO-mediated electro-organic reactions or to
reactions involving other mediators, (2) the aminoalcohol-
type molecules that can be obtained via this reaction are
prevalent among pharmaceuticals,39 and (3) this reaction
proceeds under very mild conditions and offers broader
substrate scope than alternatives.40−42 We focus on the use of
carbon as an electrode material, because it is relatively
inexpensive, offers high corrosion resistance, can be fabricated
into structures at a variety of length scales, and is commonly

used in electro-organic reactions as an anode or cath-
ode.37,43−49

CP was used as the benchmark anode because it has the
largest specific surface area among commercially available flow-
through electrodes31 and has previously been used in electro-
organic reactions.50−54 We find that switching from a batch to
flow reactor with commercially available CP as an electrode
can improve the productivity of the reaction by 3.8 times.
Changing from a standard CP electrode to a composite
microfiber-nanofiber electrode (MNC) improved the produc-
tivity of the flow-cell reaction 2.1 times, for a total increase of
7.8 times relative to the batch system with CP electrode. While
the batch reactor achieved a maximum yield of 75% in 5 h, the
flow reactor with the composite electrode achieved a maximum
yield of 81% in 36 min, and a production rate of 0.72 g h−1 per
cm2 of electrode area. This production rate per cm2 of
electrode area represents a 3-fold increase over the highest
previously reported values for an electro-organic reaction.17

This work demonstrates that the use of a flow-through
electrode can improve the productivity of a TEMPO-mediated
reaction relative to a batch synthesis, and that the use of MNC
electrode with a higher surface area can further improve the
productivity of the reaction relative to a CP electrode. This
work further demonstrates that the productivity of flow-
reactors incorporating 3D porous electrodes can greatly exceed
that of nonporous parallel-plate flow reactors for the
production of organic chemicals.

■ RESULTS AND DISCUSSION

Batch Versus Flow with Carbon Paper. A customized
batch reactor (Figure 1A) and flow cell (Figure 1B) were
fabricated to evaluate the effect of the flow-through process on
the productivity of a TEMPO-mediated azidooxygenation
reaction (Figure 1C). The batch reactor consisted of a 20 mL
glass vial with three holes drilled into the cap. The anode was a
0.5 cm × 2.0 cm × 0.036 cm piece of CP connected to a

Figure 1. (A) Image of a batch reactor. (B) Image of a 3D-printed PEKK flow cell. The values below panels (A) and (B) are the maximum
productivity (mmol of product per hour) for azidooxygenation in each reactor. (C) Scheme of TEMPO-mediated azidooxygenation reaction using
4-tert-butylstyrene (1a) for the production of 1-(2-azido-1-(4-(tert-butyl)phenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (1b).
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graphite rod. The cathode was a platinum mesh connected to a
brass rod. The exposed surface areas of anode and cathode in
solution were 0.5 cm2, and the spacing of the two electrodes
was ∼5 mm. The polyetherketoneketone (PEKK) flow cell was
fabricated by 3D printing two separate pieces that can be
connected to rubber tubing via a zip tie. The two halves of the
flow cell were then assembled with gaskets and electrodes
between them and screwed together (see Figure S1 in the
Supporting Information for an image of the disassembled
reactor components), forming the following structure: inlet/
gasket/working electrode/gasket/counter electrode/gasket/
outlet. The anode was a piece of CP prepared by cutting
(see Figure S2 in the Supporting Information for shape of the
electrode) and the cathode was Pt mesh. The exposed surface
areas of anode and cathode are both 0.5 cm2, an area
controlled by the hole on the gasket. CP was used as the anode
because carbon is corrosion resistant and CP has the largest
specific surface area among commercial flow-through electro-
des.31 Pt mesh was used as the cathode due to the low
overpotential required to reduce water to hydrogen on Pt. The
spacing between the anode and cathode was 0.8 mm, which
was the thickness of the gasket.
The azidooxygenation reaction was adopted and modified

from previous work.37 For both the batch and flow reaction, 4-
tert-butylstyrene (0.8 mmol, 1.0 equiv) and TEMPO (1.2
mmol, 1.5 equiv) were added to MeCN (14.0 mL) solution
with 0.1 M LiClO4. An aqueous solution of NaN3 (2.4 mmol,
3.0 equiv) was then added to the mixture. Additional
experimental details are given in the Supporting Information.
During the TEMPO-mediated azidooxygenation, the TEMPO
radical is oxidized to TEMPO+ and water is reduced to
hydrogen. The TEMPO+ then forms the charge-transfer
complex TEMPO-N3 and facilitates the formation of an azidyl
radical. Both azidyl and TEMPO radicals were then

successively added onto the alkene to form the final product
(Figure S3 in the Supporting Information).37,55

For an electro-organic reaction, the applied potential should
be high enough to ensure a high rate of charge transfer while
being low enough to avoid unwanted reactions. To determine
the ideal potential window, we first performed azidooxygena-
tion with cell potentials between 2.2 V and 3.4 V, and with two
different flow rates (0.5 and 2.0 mL/min). As shown in Figure
S4A in the Supporting Information, under both flow rates, the
productivity increased by more than two times as the potential
was increased from 2.2 V to 3.0 V. At 3.4 V, the productivity
did not increase significantly, indicating the reaction had
become mass-transport-limited between 3.0 V and 3.4 V. In
addition, the background current doubled when the voltage
was increased from 3.0 V to 3.4 V (see Figure S4B in the
Supporting Information). An increase in background current
decreases the faradaic efficiency and potentially increases
unwanted reaction byproducts. Therefore, 3.0 V was chosen as
the optimum applied potential for the azidooxygenation
reaction in our reactors.
Figure 2A shows the current and faradic efficiency (FE) for

the batch reactor. Both the current and FE decrease with time
for the batch reactor, because, as the reactants are consumed,
the rate at which the reactant is transported to the electrode
decreases. Figure 2B shows that the yield for the batch reactor
increases until it reaches a plateau at ∼5 h, at which point the
yield is 75%. The productivity for the batch reaction starts at
0.23 mmol/h but decreases to 0.11 mmol/h at 5 h, because of
the decrease in the concentration of reactants with time.
Figure 2C illustrates how the flow reactor is fundamentally

different from the batch reactor. The flow reactor is fed with a
constant concentration of reactant, so it is able to maintain a
relatively high and constant current with time. This constant
feed of reactant allows the flow reactor to maintain a more
consistent productivity, which starts at 0.24 mmol/h, before

Figure 2. (A) Current and faradic efficiency (FE), and (B) yield and productivity of azidooxygenation with carbon paper (CP) in the batch reactor.
(C) Current and FE, and (D) yield and productivity of azidooxygenation with CP in the flow reactor with a low flow rate of 0.1 mL/min.
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decreasing to 0.19 mmol/h. We ascribe this decrease to a
buildup of NaOH on the surface of the anode, which we will
speak of more later. At this low flow rate of 0.1 mL/min, the
productivity during the first 2 h is similar to that of the batch
reactor, suggesting that the larger distance between the
electrodes in the batch reactor is not limiting its productivity.
Since the productivity in the two reactors is similar at this low
flow rate, the yield at 2 h for the flow reactor (53%) is similar
to the yield obtained in the batch reactor at the same time
point (52%).

Since the reaction is limited by transport of reactants to the
electrodes, higher currents and faradaic efficiencies can be
obtained by increasing the flow rate (Figure 3A).24,56−58 The
higher current and higher FE translates to a higher productivity
(Figure 3B). At the highest flow rate we tested (2.0 mL/min),
a productivity of 0.64 mmol/h could be obtained. This is an
increase of 278% relative to the best productivity for the batch
reactor and 581% relative to the productivity for the batch
reactor when the reaction complete. However, a higher flow
rate also decreases the residence time and therefore decreases
the yield for a single pass of reactant through the electrode. We

Figure 3. (A) Current and faradic efficiency (FE), and (B) yield and productivity of azidooxygenation with CP in the flow reactor, as a function of
flow rate.

Figure 4. SEM images of different carbon electrodes: (A) CP, (B) sintered carbon paper (S-CP), (C) carbon nanofiber (CNF), (D) carbon
microfiber-nanofiber composite (MNC).
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will later show that multiple passes through the flow reactor
produces yields comparable to the batch reactor in a small
fraction of the time.
Fabrication and Characterization of Carbon Electro-

des with Higher Surface Areas. After clearly establishing
the extent to which the flow reactor can improve the
productivity of TEMPO-mediated azidooxygenation with a
CP anode, we next sought to determine how changing the
structure of the electrode can further improve its productivity.
Three additional carbon electrodes were prepared: sintered
carbon paper (S-CP), carbon nanofiber (CNF), and MNC.
The CNF electrode and MNC electrode were prepared by
dispersing 10 mg of fibers in a liquid suspension, filtering the
suspensions through CP, dipping CP with the filtrate into a
glucose solution, drying in an oven overnight, and annealing at
1000 °C for 1 h under argon to improve the conductivity and
mechanical stability of the electrode. Since the temperatures
required for graphitization of carbon (>2000 °C)59,60 are
difficult to obtain with conventional laboratory furnaces, we
relied on the addition of glucose to enable low-temperature
graphitization.61 The optimum glucose concentration was that
which maximized the conductivity without making the
electrode so brittle that it easily fractured (Figure S5 in the
Supporting Information). Since both electrodes used CP as the
substrate and could not be removed from the substrate, S-CP
electrodes were also prepared under the same conditions for
comparison to evaluate what benefits in productivity could be
obtained by adding the nanofibers or microfiber/nanofiber
composite. The scanning electron microscopy (SEM) images
of the CP, S-CP, CNF, and MNC electrodes are shown in
Figure 4. Note that the CP contained 5 wt % polytetrafluoro-
ethylene (PTFE).62 The primary difference between CP and S-
CP was the morphology of the PTFE particles at the edge of
the carbon fiber (Figure S6 in the Supporting Information).
After sintering, the PTFE particles merged into a solid mass.
SEM images of cross sections of the electrodes show the
thicknesses of the CP/S-CP, CNF, and MNC electrodes are
0.360, 0.685, and 0.717 mm, respectively (Figure 5). A detailed
description of electrode fabrication is provided in the
Supporting Information.
The physical properties of the four electrodes are

summarized in Figure 6 and Table S1 in the Supporting
Information. All electrodes had a similarly high conductivity.
The electrochemically active surface area (ECSA) was
measured with the PEKK flow cell assembled with a Ag/
AgNO3 reference electrode (Figure S7 in the Supporting
Information) and calculated with the double-layer capacitance
method (Figure S8 in the Supporting Information).63 The
ECSA of S-CP is 1.1 × 103 cm2/cm3, which is 16 times higher
than that of CP. This increase in surface area may be related to
the pyrolysis of PTFE64 and the assistance of glucose.61 The
ECSA of MNC and CNF is 7.8 × 103 cm2/cm3 and 1.8 × 104

cm2/cm3, respectively, which is 113 times and 261 times higher
than that of CP. The higher surface area of MNC and CNF
electrodes is due to the smaller diameters of the constituent
nanofibers (0.1 μm), relative to carbon microfibers (10 μm).
The permeability of a flow-through electrode is an important

characteristic because it determines the flow rate that can be
achieved for a given pressure drop, as described by Darcy’s
law:65,66

μ
= −

Δ
u

k p
L (1)

where u is the superficial velocity, k is the permeability, μ the
viscosity, Δp is the pressure drop across the electrode, and L is
the thickness of the electrode. If the permeability of an
electrode is too low, then it may not be possible to achieve a
desired flow rate through the electrode because the necessary
pressure will cause the reactor to leak or will cause the
electrode to break.
The permeability of the electrodes was determined by linear

fits to measurements of the pressure drop across the electrode

Figure 5. Thickness of different carbon electrodes measured by the
cross-section SEM images: (A) CP and S-CP, (B) CNF, and (C)
MNC.
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for a given flow rate (see Figure S9 in the Supporting
Information).65−67 The CP, S-CP, and MNC electrodes have a
similar permeability. The permeability of the CNF electrode is
31 times lower than that of MNC. This lower permeability (k)
can be understood from the Kozeny−Carman (KC) equation:

ε
ε

=
−

k
d

K16 (1 )

2 3

C
2

(2)

where d is the diameter of the fibers, ε the porosity of the
electrode, and Kc is the Kozeny constant, which is a function of
the pore geometry and tortuosity.66 The KC equation indicates
that the permeability will decrease as the fiber diameter and
electrode porosity each decrease. As the porosity of the CNF
electrode is similar to the other electrodes, the cause for the
lower permeability can be ascribed to the much smaller
diameter of the nanofibers.

Flow Reactor Performance with Higher Surface Area
Electrodes. The current, FE, yield and productivity of
azidooxygenation with S-CP, CNF, and MNC is shown in
Figure 7. SEM images of the electrodes before and after the
reaction under the flow rate that achieved the maximum
productivity indicate the electrodes are stable under the
reaction conditions (Figure 4, as well as Figure S10 in the
Supporting Information). Sintering the CP led to an
improvement in performance relative to CP without sintering
because of a higher ECSA. The higher surface area of the CNF
electrode also enabled it to achieve a higher current, FE, yield,
and productivity than CP under the same conditions. Similar
currents were obtained with the MNC electrode as the CNF,
but the MNC had a higher FE, and thus higher yield and
productivity. It is unclear why the CNF exhibited a lower FE. It
may be related to the lower permeability of the electrode,
which may cause the reactant to transport across the electrode
surface to be uneven. This, in turn, may lead to depletion of
the reactant in pockets of the electrode and greater production
of undesirable side products. Thus, the MNC electrode seems

Figure 6. Conductivity, electrochemical active surface area (ECSA),
permeability, and porosity of different carbon electrodes.

Figure 7. Current, FE, yield, and productivity of azidooxygenation for flow reactors using (A, D) S-CP, (B, E) CNF, and (C, F) MNC.
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to strike a balance between higher surface area while
maintaining a sufficient permeability to achieve a high mass
transport of reactant.
The average productivity for the batch reaction with CP is

compared to the optimum productivities for the flow reactors
with the four different electrodes in Figure 8A. We compared

the average productivity for the batch reactor since its
productivity is less constant than the flow reactors. The higher
surface areas of the S-CP, CNF, and MNC electrodes enable
them to achieve productivities 5.4, 6.5, and 7.8 times higher
than the average batch productivity, respectively. Relative to
commercially available CP, the S-CP, CNF, and MNC
electrodes improve the reactor productivity by factors of 1.4,
1.7, and 2.1, respectively.
Figures 3B and 7D−F show that the productivity increases

as the flow rate increases, but the yield decreases. The
decreasing yield in this case is primarily due to a shorter
residence time of the reactant within the porous electrode. The
shorter residence time can lead to a higher amount of reactant
that does not participate into the reaction. Therefore, in order
to estimate the efficiency with which each electrode converts
reactant to product, we calculate and plot the values of
product/(alkene consumed) for the batch reactor and four
carbon electrodes. Since this value is calculated as product out/
(reactant in − reactant out) and is analogous to an energy
efficiency, we refer to it as the conversion efficiency. Values of
conversion efficiency are plotted against productivity in Figure
8B, and their number values are listed in Table S2 in the
Supporting Information. Figure 8B shows that the MNC

electrode exhibits both high productivity and high conversion
efficiency, whereas the CNF electrode exhibits high produc-
tivity but lower conversion efficiency. Based on the results
from Figure 8, we can conclude that the MNC electrode has
the best performance for the azidooxygenation reaction among
the electrodes tested.

Increasing Yield with Recycling. We note that while the
productivity increases with flow rate, the single-pass yield
decreases. The reaction yield can be increased by simply
recycling the output of the reactor back into the syringe used at
the inlet. This experiment was performed for the MNC
electrode for six cycles. The same reaction solution and
electrode were used for each cycle. Each cycle required 6 min
to pump the reactant through the electrode, resulting in a total
reaction time of 36 min. During this process, we noticed that
the yield increased slowly after each cycle and only achieved a
37% yield after six cycles (Figure S11A in the Supporting
Information). A small leak was also observed after the third
cycle. After disassembling the flow cell, we observed the anode
was covered by a white salt (Figure S11B in the Supporting
Information). We determined this salt to be primarily NaOH,
based on the pH value of the salt dissolved in water and the
balanced reaction equation (Figure S3 in the Supporting
Information). Thus, it appears NaOH was precipitated from
the reaction solution because of the low solubility in
acetonitrile, and the deposition of the NaOH on the electrode
surface decreased the performance of the electrode.
In order to remove NaOH from the electrode and improve

the recycling performance, deionized water was passed through
the electrode at a flow rate of 2 mL/min for 2 min after each
cycle. This electrode wash was able to remove the visible
deposit of NaOH from the electrode (see Figure S11C in the
Supporting Information). The curves of yield versus reaction
time for the flow reaction are compared to the batch reaction
in Figure 9A. Figure S12A in the Supporting Information plots
the same information, except the time for washing the flow
reactor electrode is included. After six cycles of recycling with a
reaction time of 36 min (46 min with washing steps), the
azidooxygenation reaction in the flow cell was complete and
achieved a yield of 81%. In comparison, the batch reaction
took 5 h (eight times longer) to achieve a yield of 75%. The
overall productivity in the flow cell after 6 cycles was 1.00
mmol/h, compared to a productivity of 0.11 mmol/h in the
batch reactor after 5 h when the reaction was complete. The
microfiber−nanofiber layer remained on the CP layer after the
reaction (Figure S11C in the Supporting Information). The
weight of the MNC electrode before and after each recycling
reaction varied by no more than 0.4 mg (0.8%; see Figure S13
in the Supporting Information), indicating that the electrode
remained intact over the course of the reactions.

Extension to a More Difficult Substrate. Finally, we
extend the same reaction system, without further optimization,
to a substrate that is more difficult to convert, 4-phenyl-1-
butene (2a in Figure 9).37 Generally, electrochemical flow
reactors improve reactions that are kinetically fast and mass-
transport-limited to a greater extent than reactions that are
relatively slow and reaction-rate-limited,31 because of their
ability to increase the rate of mass transport to the electrode.
Therefore, we expect the reduction in reaction time to be less
dramatic for 2a than for 1a. For 2a, the batch reactor with the
CP anode achieved a yield of 34% in 5 h with a productivity of
0.05 mmol/h. The flow reactor with the MNC anode achieved
a higher yield of 40% after 21 cycles with a reaction time of 2 h

Figure 8. (A) Productivity of the azidooxygenation reaction in a batch
reactor with CP and in a flow cell with four different carbon
electrodes. (B) Plots of conversion efficiency versus productivity of
CP in a batch reactor and with different carbon electrodes in a flow
cell.
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(2.67 h with washing steps) and a productivity of 0.16 mmol/
h, 3.2 times higher than batch reaction (see Figure 9B, as well
as Figure S12B in the Supporting Information). Therefore, we
can conclude that the combination of the flow reactor with the
MNC electrode can, without further optimization, dramatically
improve the reaction rate for substrates that are more difficult
to convert.

■ CONCLUSION

This work explored how the use of flow-through electrodes
could improve the productivity of TEMPO-mediated azidoox-
ygenation. Using a commercially available CP electrode, a flow
reactor increased the reaction productivity by up to 3.8 times
relative to a batch process because of improved transport of
reactant to the electrode surface. By utilizing a flow reactor
with a custom MNC electrode, the productivity of
azidooxygenation could be further improved to be 7.8 times
greater than that of the batch reaction with CP. This
improvement was due to the higher surface area of the
MNC electrode. While the batch reactor achieved a 75% yield
in 5 h, the flow reactor with the MNC electrode obtained an
81% yield in 36 min, a production rate of 0.72 g h−1 per cm2 of
electrode area. This production rate per cm2 of electrode area
represents a 3-fold increase over the highest previously
reported values for an electro-organic reaction, which was
achieved with flat, nonporous electrodes.17 The same flow-
through electrode and reaction conditions could be applied to
dramatically improve the productivity for substrates that are
relatively easy or difficult to convert. We hope the information
in the article facilitates the intensification and scale-up of
electro-organic reactions.
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