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Cyclic voltammetry is a powerful and versatile analytical
technique for the quantitative analysis of organic and inorganic
compounds in solution. Despite the recent advances in process
analytical technologies for flow processing, electroanalytical
techniques have received only minimal attention. Herein we
present the design and development of an open-source flow-
through voltammetry cell and its performance for the inline
monitoring of electrochemical reactions.

Over the past few years, the development of process analytical
technologies (PAT) suitable for the monitoring of continuous
flow processes has become increasingly important." The
combination of PAT and flow reactors enables the generation
of real-time reaction data which, in turn, provides the basis
for chemical process automation, including self-optimizing
reactions and automated process control.”> These data-rich
strategies to improve the performance of manufacturing
processes are the cornerstone for the implementation of
industry 4.0 in the chemical and pharmaceutical sector.>*

A wide range of PAT tools for the inline, online or atline
monitoring of chemical transformations in flow mode have
been reported during the past two decades, including nuclear
magnetic resonance (NMR), infrared (IR), Raman and UV-vis
spectroscopy,” as well as chromatographic instruments such
as online/atline HPLC or UHPLC.® Simpler and more cost-
effective PAT tools, based on flow-through conductimetry,
have also been applied for continuous flow processes,’
despite typically providing less detailed information about
the system.
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Electroanalytical methods comprise a series of techniques
based on the measurement of electrochemically-generated
currents or potentials from redox active species in solution.®
These analytical methods are highly versatile and very sensitive,
with sufficient resolution to detect analytes in the micromolar
concentration range. One of the best-known electroanalytical
methods is cyclic voltammetry (CV). It provides both qualitative
and quantitative information about the electrochemical
properties of compounds in solution.’ It can be used to provide
evidence for redox mechanisms,'® as well as data on reaction
kinetics or equilibria."”® From the reaction monitoring
standpoint, CV is a powerful and straightforward technique.
The concentration of a compound in solution can be readily
determined from the current generated during the potential
scan.”” Indeed, the peak current response is directly
proportional to concentration of the compound following the
Randles-Sev¢ik equation (eqn (1)),

ip = 2.69x10°1*/2ACv/Dv (1)

where i, is the peak current, A is the electrode surface area, C is
the bulk concentration of the analyte, D is its diffusion
coefficient, and v is the voltage scan rate. Furthermore, as cyclic
voltammetry typically operates in the microamp range (or even
lower), it can be considered to be a non-destructive technique.
The amount of material consumed under such low currents
during analysis is negligible compared to the concentration in
solution in a typical reaction.

Despite the capabilities of CV and other electroanalytical
techniques, reports on flow cells for the inline analysis of
chemical reactions are rare. Flow-through cells, in which a
solution containing the analyte passes through a channel,
have been reported, although they are typically used for
injection analysis'® or electrode calibration.'* They are
typically fabricated using custom designs that require
machining techniques. Jensen and coworkers have recently
described a microliter-volume CV cell for the monitoring of
electrochemical transformations.'> However, the method
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used a stop-flow mechanism that collects samples of reaction
mixture and discards them after analysis “atline”. Thus, it is
not considered an inline monitoring technique.

Electrochemical reactions are ideal for demonstrating the
implementation of electroanalytical PAT tools.
Electrochemical transformations most often involve changes
in the redox state of the organic compounds. For example, in
an anodic oxidation, the reaction product has an oxidation
state higher than the starting material, while the opposite
occurs during cathodic reductions. This feature facilitates
selective analysis of an individual reaction component using
CV or other electroanalytical techniques. Given the recent
resurgence in electrochemical methods,'® particularly for the
green synthesis of organic compounds,”” progress in
dedicated PAT tools is highly desirable.

Herein, we present a microliter-volume flow cell for inline
cyclic voltammetry analysis. The cell is made of simple
commercially available fluidic components. Thus, it can be
easily assembled from inexpensive parts without the need for
machining or 3D-printing techniques. The cell is powered by
a low cost, open-source potentiostat, enabling easy
customization and automation of the analyses. The cell
performance for inline monitoring has been assessed for a
model electrochemical alcohol oxidation, providing good
linear responses for current against alcohol concentration in
reaction mixtures. As a result, the capabilities of inline CV
could be demonstrated as a convenient technique to enable
reaction optimization and monitoring.

The design concept of the flow cell was elaborated with
two aims in mind: (1) the device should be assembled from
commercially available parts to ensure reproducibility and
wide availability of the technology and (2) the system should
be modular, enabling facile exchange of the electrodes and
configuration. To fulfil these goals, the cell was constructed
using commercially available fluidic fittings that are typically
available in flow chemistry laboratories. In particular, a
5-port connector was utilized as the body of the flow cell
(Fig. 1). This strategy has the advantage that the electrodes,
made of standard size rods (1 mm diameter), can be
assembled in flat-bottom fluidic fittings and easily inserted
in the cell. For a 3-electrode cell arrangement, 3 of the fluidic
ports were used for this purpose, while the two remaining
ports were used as inlet and outlet for the solution or
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Fig. 1 Schematic view of the flow cell for cyclic voltammetry (left)
and photograph of the device (right). A: Pt wire; B: Ag wire; C: Pt wire.
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reaction mixture (additional pictures and a comprehensive
list of components are collected in the ESIf). As fluidic
fittings can be easily attached or removed from the port,
electrode materials can be readily exchanged or removed for
polishing if needed.

The cell can be assembled with a choice of two working
electrodes (WEs), made of either glassy carbon or platinum.
As counter electrode, platinum was selected as material. A
pseudo-reference electrode consisting of a silver wire was also
installed. Pseudo-reference electrodes are simple wires in
contact with the solution."® They are easy to set up compared
to standard reference electrodes but, as they do not provide a
constant, known potential, they need to be -calibrated.
Ferrocene was used as a reference for calibration in this case.
Additional features of the flow cell are: a small distance
between the working and the pseudo-reference electrodes
(<1 mm), which reduces the ohmic drop and improves the
signal, and a very low internal volume of 14 pL, ensuring that
steady state is rapidly reached. The cell was powered by an
open-source potentiostat based on a Teensy 3.2 development
board (Rodeostat, 10 Rodeo)."’ Notably, the potentiostat
software source code is available, which enables
customization and automation of the measurements.

To test the performance of the flow CV cell for inline
monitoring of continuous flow reactions, the electrochemical
oxidation of alcohols was selected as a model. The selective
oxidation of alcohols to aldehydes, ketones or carboxylic
acids is a highly demanded transformation. Electrochemical
methods can realize alcohol oxidations without the need for
an external oxidant. Redox mediators are commonly used,
including halides,® TEMPO,>' or NiOOH species.>* Recently,
Lei and have reported a mediator-free
electrochemical method for the oxidation of alcohols using
graphite electrodes.”

The evaluation of the flow CV cell performance began with
an assessment of its capability to record voltammograms
from solutions passing through the device. Cyclic
voltammetry is usually carried out without mixing, as the
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Fig. 2 Cyclic voltammograms of 1la and 2a measured in flow mode
using the cell. Conditions: 8 mM substrate in MeCN with 0.1 M
Et,NBF,, flow rate = 70 uL min™, scan rate = 0.4 Vs %,
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characteristic current peak appears due to mass transfer
limitations. Thus, successful CV measurements require either
low flow rates or high potential scan rates. Gratifyingly,
analysis of a flowing solution containing 1-phenylethanol (1a)
using a potential scan rate of 0.4 V s ' provided the expected
voltammogram, indicating an irreversible oxidation at ca.
+1.9 V vs. Fe/Fe' (Fig. 2). Furthermore, when a solution of
acetophenone 2a was analyzed under the same conditions,
no signal peak was observed (Fig. 2, orange line). Indeed, the
voltammogram generated for 2a overlaps with the
background signal. Acetophenone (2a) is the anticipated
oxidation product from 1-phenylethanol (1a). Further
oxidation of 2a would require significantly higher potentials
(>+2.5 V vs. F¢/Fe'). Thus, the concentration of 1a in solution
could in principle be selectively monitored by CV irrespective
of the concentration of 2a. Next, a series of solutions with
variable concentrations of 1a were flowed through the cell.
For each concentration, the potential scan was carried out up
to the value of Ep, for 1a (+1.9 V vs. F¢/Fc'). Importantly, a
linear relation between the peak current values and the
concentration of 1a was obtained (Fig. 3), demonstrating that
the cell can be utilized for quantitative determination of
compound concentrations. Importantly, very low deviations
(<3%) in the signal occurred when the flow rate was
modified by approximately 10-fold.

We next turned our attention into the implementation of
the flow CV cell at the output of a flow electrochemical
reactor (Fig. 4) for inline monitoring of preparative scale
alcohol oxidation reactions. The flow electrolysis cell was an
undivided parallel plate reactor previously described,*
equipped with a 5 x 5 cm impervious graphite plate as the
anode and a nickel cathode with the same dimensions. As
the anodic oxidation of alcohols releases hydrogen gas
bubbles at the counter electrode, which might interfere with
the CV cell, a length of gas-permeable tubing (Teflon AF-
2400, 1 mm i.d., 20 cm length) was installed after the reactor.
Thus, as the reaction mixture, consisting of a gas-liquid
biphasic mixture, exited the reactor, it was degassed in the
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Fig. 3 Inline cyclic voltammetry measurements of a series of solutions
1-phenylethanol (1a) with variable concentrations flowing through the
system. Flow rate: 70 pL min™.,
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Fig. 4 Schematic view of the setup utilized for the inline CV
monitoring of electrochemical alcohol oxidations in flow.

semipermeable tube. Before entering the CV cell for inline
monitoring, the reaction mixture passed through a T-mixer
connected to an MeCN feed, which was utilized only for
cleaning purposes after measurements (a photograph of the
complete setup is shown in Fig. S47).

The continuous flow electrolysis and inline analysis setup
was validated by collecting electroanalytical data during the
reaction optimization of the bulk oxidation of 1a to 2a, and
then comparing it with the measured HPLC results. Thus, a
stock solution of 1a (0.05 M) containing Et,NBF, as the
supporting electrolyte was passed through the system. The
flow rate of the input stream was set to 124 pL min ‘. Once
the system was filled with solution, electrolysis was initiated
under constant current. Several currents were consecutively
applied to optimize the current density and the amount of
charge (F mol™) passed. Currents ranging from 13.5 mA to
22 mA (3.3 mA cm ™ to 5.4 mA cm *) were applied, resulting
in amounts of charge of 1.5 F mol™ to 2.2 F mol™". For each
current value, electrolysis was carried out under steady state
conditions. CV data was then collected inline and a HPLC
sample was collected at the reactor output for offline
analysis. All reaction and analytical data are tabulated in
Table S2.1

The inline CV data, obtained using the methodology
described above, was compared with calibrated HPLC values
for the reaction conversion (Fig. 5A). Importantly, an
excellent linear fit for the values was obtained (r* = 0.985),
confirming that inline CV analysis provided accurate reaction
conversion data for the flow electrochemical reaction. The
linear equation obtained by regression could therefore be
used to calibrate the CV response for direct quantitative
inline monitoring of the reaction conversion without further
need for offline analysis. An additional advantage of this
inline analytical technique is that its sensitivity can be readily
tuned without any changes in the hardware. For example, for
optimization in the range of 95-99% conversion, where the
concentration of the substrate 1a is very low, high signal
intensities can be obtained by simply incrementing the scan
rate. According to the Randles-Sevéik equation, the peak
current intensity is proportional to v'/.

Importantly, when the methodology was repeated for the
preparative-scale flow electrochemical oxidation of two
additional substrates, the inline CV monitoring technique
also provided excellent results. In particular, a secondary
alcohol, which is more oxidation sensitive, diphenylmethanol

1b, and the primary alcohol 1c were evaluated

This journal is © The Royal Society of Chemistry 2024
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(Fig. 5B and C). Excellent fitting between the inline CV data
and the offline HPLC values for the conversion were again
achieved, demonstrating the reliability of the inline CV cell
for the monitoring of this type of reaction. As mentioned
above, the linear fits acquired in Fig. 5A-C can be used to
calibrate the CV response toward reaction conversion and
then used as a fast and reliable quantitative inline
monitoring technique. Indeed, measurements under the
conditions developed only required 11 s, which enables
acquisition of relatively large amounts of reaction data over
short periods of time. Furthermore, due to the low currents
generated during analysis (in the pA range), negligible
quantities of material were consumed during analysis, which
effectively makes inline CV monitoring a ‘non-destructive’
PAT tool. For example, monitoring a continuous electrolysis
that resulted in >90% conversion of the substrate, generated
a peak current of ca. 200 pA during inline analysis. As the
peak current was only generated during a short period of
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Fig. 5 Comparison of the inline CV response with offline HPLC
conversion data for the preparative-scale oxidation of (A) 1a, (B) 1b and
(C) 1c. The setup shown in Fig. 4 was used in all cases. The R? for
linear regression is also shown.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Communication

time (<1 s), the overall amount of material consumed was
insignificant with respect to the overall amount of material
being flowed.

Given the very low amount of material consumed during
analysis and the high reliability shown by the inline CV to
monitor real time reaction conversion, this PAT tool can be
used for a wide range of applications, including reaction
optimization or monitoring stability of continuous flow
reactions over time. In this context, during the
electrochemical oxidation of 1b to 2b, a decrease of the
reaction performance over time was observed. The original
reaction efficiency could be regained by polishing the anode,
pointing to possible fouling of the material with some
degradation product. This effect was only observed during
the generation of 2b and might be aided by the higher
affinity of the planar structure of 2b with the graphite
surface. Thus, to showcase the inline CV as a useful tool for
reactor performance monitoring, a ‘long-run’ experiment was
carried out. Using a standard set of reaction conditions for
the electrolysis (124 uL min™', 9.0 mA), the reactor was
operated for 90 min. As expected, a gradual increase in the
CV signal was observed after approximately 20 min, which
indicates a decrease in the reaction conversion (i.e., a higher
amount of remaining starting material 1b), was observed
(Fig. 6). Remarkably, HPLC analysis of aliquots of the
reaction mixture that had been collected from the reactor
output revealed exactly the same trend as observed via inline
CV. These results further emphasize the excellent reliability
of the flow CV cell presented in this work as an inline
reaction monitoring technique.

In summary, we have developed a simple and easy-to-
assemble flow cell for inline electroanalytics. The cell is
based on commercially available fluidic components and 1
mm rods as electrodes. It is powered by a low-cost open-
source potentiostat, enabling facile customization and
automation of the analysis. The capabilities of the cell to
quantify compounds in solution has been demonstrated. Its
performance for the inline monitoring of flow reactions has
also been shown, using the electrochemical oxidation of
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Fig. 6 Inline CV monitoring of the decrease in performance in the
electrochemical oxidation of 1b into 2b and comparison with offline
HPLC data.
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primary and secondary alcohols to their corresponding
aldehydes or ketones as a model. The results have validated
the flow CV cell as a fast and reliable process analytical
technology, with results in agreement with those obtained via
offline HPLC analyses.
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