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ABSTRACT: Determining local concentrations of the analytes in
state of the art microreactors is essential for the development of
optimized and safe processes. However, the selective, parallel
monitoring of all relevant reactants and products in a multianalyte
environment is challenging. Electrochemical microsensors can
provide unique information on the reaction kinetics and overall
performance of the hydrogen peroxide synthesis process in
microreactors, thanks to their high spatial and temporal resolution
and their ability to measure in situ, in contrast to other techniques.
We present a chronoamperometric approach which allows the
selective detection of the dissolved gases hydrogen and oxygen and ; .3 P
their reaction product hydrogen pgeroxidey on gthe samex};’)z(lgatinum L -‘ f
microelectrode in an aqueous electrolyte. The method enables us

to obtain the concentration of each analyte using three specific potentials and to subtract interfering currents from the mixed signal.
While hydrogen can be detected independently, no potentials can be found for a direct, selective measurement of oxygen and
hydrogen peroxide. Instead, it was found that for combined signals, the individual contribution of all analytes superimposes linearly
additive. We showed that the concentrations determined from the subtracted signals correlate very well with results obtained without
interfering analytes present. For the first time, this approach allowed the mapping of the distribution of the analytes hydrogen,
oxygen, and hydrogen peroxide inside a multiphase membrane microreactor, paving the way for online process control.
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lectrochemical sensors are an important subcategory of ing pH, dissolved oxygen, or concentrations of trace metals,

chemical sensors in which the rate of any given redox carcinogens, and organic pollutants in the environment and in
reaction taking place at an electrode is converted into an natural and ground water resources.”®”'* In recent years, their
electrical signal. Ideally, a direct and linear correlation to the use in a wide range of additional research fields and
concentrations of the analytes involved in the electrode commercial applications including, but not limited to,
reactions can be obtained. If this correlation is known, for biosensors®” and sensors for monitoring cell cultures by
example, through prior calibration of the sensor, electro measuring metabolism markers was driven by a heavy focus on
chemical sensors provide a comparatively inexpensive and miniaturization and integration in microfluidic and1 6chnlcal
simple method to monitor substances in a variety of different devices, for example, lab on a chip applications.”"*™'* Con

centrations of the dissolved gases hydrogen (H,) and oxygen
(0,), as well as of hydrogen peroxide (H,0,), can be
measured amperometrically by their direct oxidation (i.e., H,
and H,0,) or reduction (i.e., O, and H,0,) on catalytically
active noble metal electrodes, such as platinum. Measuring this

applications. They combine several preferable measurement
characteristics: very exact measurements of even small
concentration changes due to their high sensitivity and
selectivity, defined zero points, linear detection over a wide
range of analyte concentration, rapid sample to answer time,
and high spatial and temporal resolution. At the same time,
they enable the continuous acquisition of analyte concen
trations in situ. This is rarely offered by other sensing methods,
especially when considering additional factors, such as being
competitive when it comes to instrumentation size, power, and
cost requirements.'~” Electrochemical sensors are found in a
variety of different commercialized applications like monitor
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Figure 1. (A) Schematic depiction of the design and working principle of the direct synthesis membrane microreactor used for the measurement of
H,, O,, and H,0, with the chronoamperometric protocol. (B) Schematic of the whole measurement setup showing the reactor, gas/electrolyte

supply, and the electrochemical sensor setup.

multianalyte system is however a challenging task considering
overlapping oxidation and reduction potentials and therefore
superimposed currents, finding electrode materials which are
only sensitive to one of the dissolved molecules, and the lack of
perm selective membranes because all molecules are very small
and comparable in size.

An area where electrochemical sensors are rarely used to
date is applications concerning micro process and reactor
technology. While sensor integration and electrochemical
sensing on the micro and nanoscale have been reported,'”'®
we aim at integration in stainless steel reactors at elevated
pressure. In principle, the advantages offered by these sensors
should be well suited for such applications as they offer the
ability to continuously determine the reactant concentration in
a fast, precise, and marker free way. Various reasons are
responsible for the apparent lack of electrochemical sensors in
microreactor applications. For one, it is very complex to
miniaturize classical macroscopic sensors developed for
process control for microfluidic applications and adapt them
to the rather harsh process conditions. In particular, strongly

acidic or acidic solvent compositions as well as elevated
operation pressures are predominately used in processes for
manufacturing chemicals. These conditions typically result in
very high analyte concentrations, largely exceeding the ones
typically seen in the well established use cases of miniaturized
electrochemical sensors.

The production of H,0, is an important example reaction
that illustrates these harsh conditions. H,O, is an ubiquitous
chemical commodity, often named a “key chemical” in the
rising field of green and sustainable industrial chemistry.'” Due
to its excellent chemical properties as one of the most efficient
oxidizing agents, it is used in a variety of very diverse
applications. That includes not only the bleaching of pulp and
paper, chemical synthesis processes but also a broad range of
other sectors like the textile and cosmetic industries and
wastewater treatment.”’">* Despite its key role in the green
chemistry industry, the production of H,O, still relies mainly
on the centralized large scale synthesis by the very energy
demanding anthraquinone process. It involves a complex
multistage procedure consisting of hydrogenation and
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subsequent oxidation and extraction steps.”* Transportation to
the point of use and the dilution from the high concentrations
synthesized to the usually required 2—8 wt % considerably
lowers its environmental and economic sustainability profile.”
In recent years, this has led to an increased research interest to
develop more sustainable synthesis methods, which target the
onsite production of H,O, on a small and intermediate scale.
The two most promising approaches for a simpler and green
production of H,0O, are the electrochemical synthesis by
means of the oxygen reduction reaction using metal free
carbon catalysts®”**™*® and the heterogeneously catalyzed
direct synthesis of H,O, from H, and O, using noble metal
catalysts.”” > The latter is especially interesting considering
recent advancements in synthesis reactor designs toward micro
structuring of the channels for increased mass transfer
capabilities, combined with intensification methods like using
membranes for dosing the reactant gases into the liquid
phase.31’32 However, for process optimization and a safe
process performance, the concentrations of reactants (H, and
0,) and product (H,0,) should be constantly monitored,
ideally in situ, that is, inside the microreactor during the
synthesis process. Different detection methods are available for
determining the concentrations of analytes involved in the
synthesis, for example, for H,0,, such as titration using
permanganate,34 fluorescence,® chemiluminescence,>®*’ and
spectroscopy.38 However, they are not easy to integrate into
microreactor layouts without disturbing the flow or the
chemistry. Therefore, they only allow measurements at the
outlet of the reactor. Moreover, most of these techniques
require additional reactants incompatible with the synthesis
process.

In previous works, we presented an electrochemical sensor
system that was successfully integrated into a microreactor.*”*’
These sensors allowed the amperometric detection of elevated
concentrations of the single analytes, that is, dissolved process
gases H, (40 mM), O, (50 mM), and their reaction product
H,0, (20 mM) with linear current signal to concentration
relation at high pressures up to 70 bar.>® However, to be able
to adequately control the synthesis, one needs to ideally
measure all three reactants at the same time.

Therefore, in this work, we propose a chronoamperometric
protocol which allows the parallel, selective electrochemical
determination of H,, O,, and H,0, on the same platinum
working electrode. By choosing specific potentials for each step
in the chronoamperometric protocol, we can minimize the
interference of two of the reactants and are able to selectively
determine the concentration of the third. This allows the
subsequent subtraction of the thus known concentration of this
analyte for the current signals for the other two. Experiments
conducted inside the microreactor confirm the validity of this
novel approach.

METHODS

Synthesis Microreactor and Measurement Setup. The
reactor used in our experiments was originally designed for the
continuous direct synthesis of H,O,.>* Therefore, the two gaseous
reactants H, and O, are led in individual gas compartments over a
curvilinear reaction channel, which is separated from the gases by a
composite polymer membrane [polydimethylsiloxane (PDMS) flat
sheet membrane, PERVATECH, The Netherlands]. The detailed
concept has been presented before,**> and a schematic overview of
the reactor layout is given in Figure 1A. The dense polymer
membrane is made of a PDMS film, deposited onto a porous
polyimide intermediate layer and a porous polyethylene terephthalate

support layer. A frame holds the membrane in place on top of the
curvilinear microchannel and separates the gas compartments
measuring 10 mm in width. The curvilinear microchannel is 0.77 m
long and features a rectangular cross section (4 mm width X 0.5 mm
height). The channel design allows the liquid electrolyte to be
alternately resaturated with the two reacting gasses from the top. The
bottom of the curvilinear channel has openings for up to 13 sensor
plugs used in the electrochemical measurements.

The setup in operation for the experiments can be seen in Figure
1B. Mass flow controllers (EL FLOW, Bronkhorst, The Netherlands)
fed the gaseous components to be detected, H, and O,, as well as
gaseous nitrogen (N,) into the reactor via stainless steel tubing. N,
served as optional diluent of the main gas components and was also
used to flush the setup between and after the experiments to increase
the safety of the system. In the experiments presented, the gas flow
rates were set to 150 mL/min for each gas channel at ambient
pressure. For the measurements with a presaturated solvent,
additional variable area flow meters dosed the corresponding
saturating gas via tubes into the electrolyte container. With this
arrangement, the electrolyte feed container can be saturated with any
combination of these gases at room temperature. Either two of the
three connected pure gases flow through the two gas compartments of
the reactor or, using a tube fitting, both gas zones can also be flown
through with the same gas composition. The liquid electrolyte itself
was aspirated through the liquid side of the reactor by a peristaltic
pump (MINIPULS 3, Gilson, USA) at flow rates of 0.6, 1.2, and 2.3
mL/min, respectively. The base solvent was composed of 0.15 mM
sulfuric acid (H,SO,) (diluted from H,SO, 0.1 mol/L in aqueous
solution, VWR Chemicals, France) and 4 mM sodium bromide
(NaBr) (extra pure, Merck, Germany) in water (Milli Q purified),
resulting in a pH of 3.5. For measurements involving H,0,,
electrolyte solutions with 0.5, 1, and 2 mM H,0, were prepared
from a 30% H,0, stock solution (Perhydrol p.a. EMSURE ISO,
Merck, Germany).

All experiments were conducted under ambient conditions (room
temperature and atmospheric pressure). The stainless steel parts of
the setup had been passivated with a HNO, solution prior to use.*'
We note that H,/O, gas mixtures are explosive in a wide range (4—96
vol %) at atmospheric pressure.** Therefore, the electrolyte collection
container was permanently flushed with N, in all experiments to
ensure that the hydrogen concentration remains below the lower
explosive limit. Moreover, the reactor was also flushed with pure N,
between and after the experiments. This is crucial to exclude possible
explosive gas mixtures within the reactor caused by the different gas
compositions used in the course of the experiments.

Sensor Device Fabrication. The electrochemical sensors consist
of three, circular shaped, platinum disk electrodes with a diameter of
300 pm, used as working and counter electrodes. Additionally, one
500 pm silver/silver bromide (Ag/AgBr) electrode is employed on
the same sensor device as the pseudo reference electrode utilizing the
fixed amount of bromide ions present in the electrolyte. The Pt and
Ag electrode wires (99.99%, chemPUR, Germany) were cut into
length and soldered into a four pin 1.27 mm pitch IC connector. The
as prepared wires were subsequently fixed into a polytetrafluoro
ethylene (TECAFLON PTFEE, Ensinger, Germany) casting mold,
encapsulated into a two component epoxy housing (Loctite Stycast
2057 and Loctite Cat 9, Henkel, Germany) and cured for 6 h at 60
°C. A more detailed report on the sensor fabrication was published
previously.** After complete hardening of the sensor plug housing, the
electrodes were ground to obtain a perfect circular shape and polished
using alumina (AL,O,;) powder of three different grain sizes (Alpha
Alumina Powder 1.0, 0.3, and 0.05 ym, CH Instruments, USA) with
intermediate rinsing steps using deionized water. The Ag/AgBr
pseudo reference was then deposited on the silver electrode by
immersion into 0.1 mM potassium bromide (KBr p.a, Merck,
Germany) solution using an anodic bromination method, as described
before,®” and again rinsing in deionized water for 1 min. In a final
step, a diffusion limiting barrier with a thickness of approximately 35
um was applied to all four electrodes using a poly(hydroxyethyl
methacrylate) based hydrogel, as described previously.***
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Figure 2. (A,B) Transient signals at applied positive (A) and negative (B) potentials for saturated concentrations of O, and H, and 1 mM H,0, in
an electrolyte containing 0.15 mM H,SO, and 4 mM NaBr. Additionally, an N, flushed electrolyte provided an analyte free background signal. (C)
Arithmetic mean values of the current densities over potential for the combined chronoamperometric measurements (see A,B). H, oxidation can be
observed across almost the complete range. H,O, is oxidized above 0.8 V and reduced below 0.2 V. O, is reduced below 0.1 V. (D) Enlargement of
the potential region from 0.7 to 1 V vs Ag/AgBr, where H, sensitivity decreases and H,0O, sensitivity increases.

Electrochemical Sensor Protocol. The intention was to develop
a chronoamperometric sensor protocol, which allows the selective
measurement of several oxidizable and reducible species, on a single,
except for a diffusion limiting barrier, unmodified platinum electrode.
In this particular application case, these species are the dissolved
synthesis reaction analytes H,, O,, and H,0,. The main challenge
arrives from concurrent redox processes, overlapping over a wide
range of anodic and cathodic potentials. It is therefore crucial to
determine measurement potentials which allow for a selective signal
for any given analyte, optimally completely free of any influence of
other chemical species present in the same electrolyte. The
boundaries for choosing appropriate measurement potentials on a
platinum electrode are furthermore limited by the water window,
which lies approximately between —0.03 and 1.48 V versus the
reversible hydrogen electrode (RHE), beyond which H, and O,
evolution would ensue in the cathodic and anodic region, respectively,
and should therefore be avoided.

For this particular combination of analytes, it is not possible to
determine their concentrations from three independent measurement
signals. Instead, the chronoamperometric protocol is used to
determine the concentration of one of the analytes by choosing an
appropriate potential and then calculating the concentration of the
other two from the mixed signals measured at a different potential

step in the chronoamperometric protocol. For the successful
implementation of such an elaborate sensing technique, certain
requirements have to be fulfilled regarding the interaction of the
analytes and their corresponding mixed signals acquired by the
sensing protocol. This will be discussed in Results and Discussion.

All electrochemical measurements were carried out using
chronoamperometric protocols with the sensor plugs, as described
in Sensor Device Fabrication, installed into the microreactor setup.
The experiments were performed with a four channel MultiEmStat3
potentiostat (Palmsens BV, The Netherlands). If not stated otherwise,
potentials are reported and applied versus the on plug Ag/AgBr
reference electrode in 4 mM NaBr and 0.15 mM H,SO, electrolyte
(+6 mV vs saturated Ag/AgCl reference).

RESULTS AND DISCUSSION

Determination of Selective Measurement Potentials.
Chronoamperometric measurements were performed inside
the microreactor setup to determine the optimal measurement
for each of the three analytes. Two different protocols were
run, one for anodic potentials and one for cathodic potentials.
Each protocol was preceded by five consecutive pretreatment
cycles of the alternating potentials of 0.9 and —0.3 V versus
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Ag/AgBr to guarantee a reproducible and clean state of the
platinum electrode. Afterward, increasing (0.1 to 1 V vs Ag/
AgBr) and decreasing (0 to —0.4 V vs Ag/AgBr) potentials
were applied in 50 mV intervals, each for 45 and 60 s,
respectively. Figure 2A,B shows the transient current responses
obtained inside the microreactor for the chronoamperometric
measurements in the anodic and primarily cathodic regions,
respectively, for electrolytes flushed with H, and O, and spiked
with 1 mM H,0,. Additionally, the protocol was also run with
the electrolyte flushed with N, to obtain a zero analyte
reference signal.

As shown in Figure 2C, the arithmetic mean values of the
current densities for five measurements with the chronoam
perometric protocol for each of the analytes were plotted for all
applied potentials. The measurement for the H, saturated
electrolyte shows a relatively stable oxidation current density
over the whole potential range. Approaching the most negative
potential of —0.4 V versus Ag/AgBr (0.03 V vs RHE), a lower
current density was observed. This can be explained by the
potential value approaching the theoretical thermodynamic
onset potential for the hydrogen oxidation reaction (HOR) of
0 V versus RHE. An even stronger decline in signal strength
can be observed for anodic potentials above 0.7 V versus Ag/
AgBr, which results in an almost complete inhibition of the
HOR for potentials above 0.9 V versus Ag/AgBr, as seen in
Figure 2D, due to the formation of platinum oxide (PtO) at
the electrode surface.**** This is further evidenced by the fact
that the onset of H,0, oxidation coincides with the decrease of
the HOR signal. The oxidation of H,0, requires the presence
of PtO.*® The comparatively high anodic potentials necessary
to form PtO can be explained by the presence of bromide ions
in the electrolyte, which block the necessary binding sites for
the formation of PtO, until the bromide is oxidized at
potentials above 0.8 V, as described in the literature.>*”*®
This oxidation process of bromide to bromine also adds a
background signal to the measurement, as seen in Figure 2D.

O, cannot be detected at potentials where H,O, is oxidized.
O, can only be reduced at bare Pt, whereas H,0, can only be
oxidized on PtO. PtO is formed from water and is independent
from the amount of dissolved molecular O, in the solution. O,
can be reduced to water in a mechanism yielding four electrons
per oxygen molecule. Figure 2B shows the increasing reduction
currents for O, with increasingly negative overpotentials,
reaching diffusion limitation at around —0.3 V. For all possible
reduction potentials, the O, signal overlaps with the reduction
of H,0, and the oxidation of H,. That makes it impossible to
directly determine the O, concentration in an electrolyte with
all three analytes present. The concentrations of the other two
analytes, H, and H,0,, can be independently determined by
choosing the correct oxidation potentials (0.35 to 0.65 V for
H, and >0.95 V for H,0,). Thus, the O, concentration can be
determined by the subtraction of the redox signals for the
known concentration of these two interfering analytes from the
overall signal at the O, detection potential. This only works
when assuming that the redox processes at the electrode are
independent of each other and the resulting currents are
therefore additive. This usually holds true as long as the redox
processes occurring at the electrode do not produce an
intermediate or product which diffuses away from the
electrode and reacts with one of the other analytes, or the
diffusion constants of the involved analytes differ greatly from
each other.” ' In theory, both of these cases should not
apply for the combination of H,, O,, and H,O, but the linear,

additive behavior needs to be thoroughly examined in order to
use the proposed subtraction method.

Characterization of the H,0,/H, Interference. Chro
noamperometric measurements were performed to examine
the interaction of the measured currents of H, and H,0, when
both are present in the same electrolyte. The chronoampero
metric protocol consisted of three steps: an anodic potential of
1.00 V to oxidize the platinum electrode surface, which is
needed in the following step to oxidize the H,0,. The second
step varied between 0.80 and 0.95 V. A final third step is
applied by switching to a cathodic potential of —0.3 V. Each
potential was applied for S s. The protocol was then used to
measure calibration curves for dissolved H, with different
amounts of H,O, applied to the same electrolyte.

For anodic potentials, measurements showed that even
though values of above 0.7 V increasingly inhibit the HOR, a
background H, oxidation signal cannot completely be
eliminated. Figure 3A shows this exemplified for 0.95 V, the
highest anodic potential used, which still shows a linear
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Figure 3. (A) Anodic H, calibration curves at a potential of 0.95 V vs
Ag/AgBr show linear additive relationship with increasing H,0,
concentrations. (B) H, calibration curves at a potential of —0.3 V
show a linear, negatively superimposed current on the H, oxidation
signal with increasing H,O, concentrations due to its simultaneous
reduction.
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increase of the measurement signal with increasing H,
concentration. Adding different H,0, concentrations does
not change the slope of the H, concentration curves and
instead adds on linearly on top of the signal. The same
behavior can be observed, when plotting the measurement data
for the changing H,0, concentration (not shown). The
presence of H, does not change the slope for any measured
H,O0, concentration but superimposes a background signal on
top which changes linearly with the concentration. This allows
a simple elimination of the H, background by determining the
concentration at a lower, selective potential and subtracting the
corresponding current for this potential.

Applying the cathodic potential of —0.3 V results in a similar
behavior. As seen in Figure 3B, the oxidation currents of H,
still increase linearly with increased dissolved gas concen
tration. The slope of the concentration curves is about 1 order
of magnitude higher than for the anodic potential of 0.95 V
since no inhibiting PtO is formed at these low potentials.
Adding higher quantities of H,0, again superimposes a
background signal which behaves linearly with concentration.
This time, though, it subtracts from the signal with no H,O,
present since H,O, is reduced at —0.3 V. Again, this allows an
easy determination of either concentration by subtracting the
signal of the other analyte, if the concentration of the analyte is
known or can be determined at a different potential.

Characterization of the H,0,/O, Interference. To
analyze whether the interaction between H,0, and O, behaves
similar to the interaction between H,0, and H,, calibration
curves were recorded for the anodic and cathodic detection of
H,0,. Preliminary results have been reported previously.””
Calibration curves were obtained with the same chronoam
perometric measurement protocol as mentioned in Character
ization of the H,0,/H, Interference and repeated five times
for each measurement. Each calibration was then repeated for
different concentrations of dissolved O, in the electrolyte. In
contrast to H,, dissolved O, is not expected to influence the
H,O0, signal at high potentials from 0.8 to 0.95 V32 as it is
neither involved in the formation of PtO nor reducible on PtO.
Accordingly, no difference in either absolute values or in slope
could be detected when recording H,0, calibration curves
with or without O, being present in the electrolyte. One
exemplary anodic H,O, calibration curve is shown in Figure
4A.

Also shown in Figure 4A are the calibration curves for H,0,
at the reduction potential of —0.3 V. It can be seen that the
sensitivity does not change with increasing concentrations of
O,. Instead, the measured absolute currents increase in a linear
manner relative to the change in O, concentrations. This
allows the subsequent subtraction of the H,O, reduction
current from the O, reduction current by using the H,O,
oxidation signal (where O, has no influence), determined in
the first step of the chronoamperometric protocol, and
calculating the corresponding superimposed H,O, reduction
signal.

This behavior was verified for cathodic O, measurement by
conducting O, calibrations at —0.3 V with different
concentrations of H,0O, present in the solution. These
measurements were repeated five times each. Figure 4B
shows the results for the calibration. They support the former
results as the increasing H,0, concentration does not affect
the slope of the curves and only increases the measurement
signal in a linear additive manner, allowing the use of the
proposed subtraction method to determine the O, concen
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Figure 4. (A) Cathodic H,O, calibration curves performed at a
potential of —0.3 V and exemplary anodic H,0, calibration performed
at 0.8 V. The increasing concentrations of O, superimpose in a linear
additive manner on the cathodic signal. (B) O, calibrations performed
at —0.3 V. Increasing concentrations of H,0, do not change the
sensitivity but superimpose in a linear additive manner on the O,
signal.

tration while the interfering reactant H,O, is present in the
electrolyte.

Chronoamperometric Measurement Protocol. From
the examined interactions of the analytes H,, O,, and H,O, in
the prior sections, it is possible to deduce a chronoampero
metric protocol which allows the determination of each
analyte’s concentration with the very same working electrode.
The process itself only requires a prior calibration of all
involved analytes for the different measurement potentials used
in the measurement protocol.

Figure S shows the complete chronoamperometric protocol
and corresponding current signal response for each analyte
involved, compared to a N, flushed, analyte free electrolyte. It
consists of four different potential steps: three primarily anodic
and one primarily cathodic in descending order for one
measurement cycle. Each applied potential is marked at the top
of the corresponding range. In a first preconditioning step at a
potential of 1 V, the bare platinum is oxidized to PtO. This
step is not crucial but increases the reproducibility of the
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Figure S. Current response of one scan of the developed multistep
chronoamperometric sensor protocol for different analytes present in
the electrolyte. In four chronoamperometric steps, four different
potentials are set: Epg = 1 V for PtO formation, Ey o = 0.95 V for

anodic sensing of H,0,, By, = 0.4 V for anodic sensing of H,, and Eq,

= —0.3 V for cathodic sensing of O, after subtracting the calculated
signals of H, and H,0,.

following measurements. It is followed by a slightly lower
anodic potential 0.95 V for the oxidation of H,0O,. This
potential is chosen rather high to minimize the influence of a
simultaneously occurring H, oxidation current. Though it
cannot be completely eliminated, its addition to the overall
signal strength, even for high H, concentrations (saturation
concentration at ambient pressure is 806 yM), is quite small
(as seen in Figure S) and behaves linearly additive (as shown
in Characterization of the H,0,/H, Interference). The third
step is another anodic step of 0.4 V and the most important
step for the overall sensor protocol and subtraction method.
This potential allows for a completely independent determi
nation of the dissolved H, concentration by oxidation as
neither O, nor H,0, is oxidizable or reducible in this region.
Being able to determine, one of the three analytes
independently allows for the eventual determination of the
other two. The last step of the protocol switches to the
primarily cathodic potential of —0.3 V. As exhibited by Figure
5, all three analytes are either oxidized (H,) or reduced (O,
and H,0,) in this region. A determination of the individual
current contribution of each analyte is possible with the
following proposed subtraction method.

With the known concentration of H,, determined
independently at 0.4 V, it is possible to calculate its expected
current contribution at the other potentials, that is, 0.95 and
—0.3 V. That requires an independent calibration of all three
analytes at the three measurement potentials. Ideally, these
calibrations are performed with the exact same chronoampero
metric protocol used for the actual application. The known H,
concentration allows calculating the current contribution of H,
for the other two applied potentials, by applying it to their
respective calibration equations. When subtracted from the
measurement signal at the potential of 0.95 V, one obtains the
oxidation current for H,O,. This enables the determination of
the H,O, concentration with the help of the respective
calibration curve. With two of the analyte concentrations
known, the same method can be applied to the measurement
signal obtained at —0.3 V to calculate the O, concentration. A

concise overview of the involved steps is given in Table 1.
Although, the algorithm is rather complex, it is easy to adapt
into an automatic analysis process because it only needs
processing of the one single measurement signal.

Table 1. Step by Step Description for Obtaining the
Concentrations of the Analytes H,, O,, and H,0, with the
Help of the Proposed Chronoamperometric Protocol

step # description
1 independent calibration of H,, O,, and H,0, at all measurement
potentials
2 measurement of H, at the potential of 0.4 V

3 calculation of the corresponding current contribution of H, for the
signal at 0.95 V from the calibration curve

4 subtraction of the H, current contribution from the signal yields
H,0, current contribution and allows determination of H,O, from
the calibration curve

S calculation and subtraction of current contribution of H, and H,0,
from signal at 0.3 V

6 obtaining O, concentration from resulting current with the help of
the corresponding calibration curve

In Situ Characterization of the Sensor Protocol in the
Membrane Microreactor. The developed sensor protocol
was tested and characterized in the synthesis reactor setup, as
described in Sensor Device Fabrication. The microreactor
setup allows for measurement with concurrent, saturated
concentrations of the dissolved gases H, and O, in the same
electrolyte inside a safe reactor environment. In contrast,
presaturating an undiluted gas mixture of H, and O, in a
general purpose electrochemical cell would bear considerable
safety risks. Furthermore, the reactor constitutes a suiting in
situ test case for the developed sensor protocol as all three
analytes can be combined in a safe manner and the local
dissolved gas concentration pattern can be determined for the
first time over the whole channel length. A total of 13 different
sensor positions are available in the reactor at the bottom of
the curvilinear channel. The used four channel potentiostat
only allows for the simultaneous measurement of four sensor
positions. Therefore, each experiment was performed at least
four times, each time with a different sensor distribution, to be
able to completely map the analyte concentration for all 13
sensor positions inside the reactor. For all of these four
measurements, the same four sensor plugs were used. Sensor
positions which were not used for the performed measurement
were equipped with dummy plugs to seal the reactor. The
measurements presented here were performed without any
catalyst present in the setup as the focus was to test and
characterize the sensor protocol feasibility, not the synthesis
process. All sensors were calibrated for all three analytes
independently in the reactor, with the same chronoampero
metric protocols as used for the measurement.

Simultaneous Detection of H, and O, Entering the
Microreactor. Measurements were performed in which both
reactant gases, H, and O,, were simultaneously fed to the
reactor in their corresponding individual gas compartments
over the curvilinear reaction channel, while the electrolyte feed
container was flushed with pure N,. The experiment was
executed for three different volumetric flow rates of the liquid
electrolyte (0.6, 1.2, and 2.3 mL/min), resulting in laminar
flow. With the help of the chronoamperometric protocol, the
H, concentration was measured at each of the 13 sensor
positions, while the O, concentration was determined by the
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steps described in Table 1. Figure 6AB shows the measured
concentration patterns of H, and O,, respectively, over the
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Figure 6. (A) H, concentrations along the membrane microreactor
during the simultaneous detection of dissolved H, and O, for three
different electrolyte flow rates. (B) O, concentrations along the
membrane microreactor during the simultaneous detection of
dissolved H, and O, for three different electrolyte flow rates.

length of the curvilinear reaction channel. The sensor
positioning inside the microchannel is schematically shown
above the graphs with the corresponding pathway of the gas
channels. The width of the gas channels in the schematic is not
to scale.

As expected, both dissolved gas concentrations increase
along the reactor as the flowing liquid progressively gets in
contact with more membrane area for transferring H, and O,.
The sensors reveal that the lower the volumetric flow rate of
the electrolyte, the higher the dissolved gas concentrations.
That is because the residence time of the electrolyte increases
and therefore its exposure time to the gases. In detail, the
dissolved H, concentration linearly rises until ca. 75 to 80% of
its thermodynamic saturation concentration (806 uM) is
reached, followed by a pronounced flattened increase. In

contrast, O, only shows a near linear increase for the lowest
flow rate of 0.6 mL/min. For higher flow rates, the onset of a
significant change of O, concentration appears to be delayed,
resulting in the curveform more resembling a sigmoid function.
This flattening of the dissolved gas concentration can be
explained by a steadily decreasing driving force of the
transmembrane flux: with increasing distance from the inlet,
more and more H, and O, are already present in the liquid
phase, lowering the concentration gradient between both
phases. Furthermore, the liquid phase O, concentration is
smaller for all applied flow rates in comparison to the
corresponding H, concentrations. This is in good agreement
with the diffusion coeflicients for both dissolved gases in pure
water, with H, diffusivity (4.58 X 107 m* s™! at 20 °C) being
approximately twice as fast compared to O, (2.01 X 10™° m*
s~ at 20 °C).>* In addition to the overall sigmoidal pattern,
the individual position of the sensor in relation to each gas
channel also needs to be considered. Since the polymer
membrane is not permselective, a fraction of dissolved H,
escapes to the O, gas channel and vice versa. Thus, the
dissolved concentration of the chemical species in the liquid
phase, which is not present in the gas phase in the respective
reactor section, locally decreases to a certain extent. This effect
was observed in the O, curves, for example, at position 4, 7,
and 12, where the measurement is performed in, or shortly
after the H, gas zone.

Simultaneous Detection of H, and O, at Different
H,0, Levels. The experiments were repeated with H,O,
present in the electrolyte. Three different concentration levels
of H,0, (0.5, 1, and 2 mM) were adjusted in the electrolyte
reservoir before starting the measurement. Figure 7A shows
the detected H,O, concentration in the reactor after
subtracting the calculated H, signal from the mixed current
according to the steps listed in Table 1. The measured
concentrations fit very well with the preapplied concentrations.
Averaging the values of all positions, the highest error of
around 5.2% is found at 0.5 mM concentration. As shown in
Figure 7B, the presence of H,0, does not influence the
measurement of the H, concentration as all measurements
with different H,0O, concentrations fit well to measurements
without H,0,. This confirms again that, at the chosen
potential of 0.4 V, H, can be measured independent of the
other analytes. Since both H, and H,0, concentrations
obtained with the chronoamperometric protocol fit the
expected results, they can be used to subsequently calculate
and subtract their corresponding current contribution at the
cathodic potential of —0.3 V to obtain the O, concentration for
each reactor position.

Figure 8 shows the O, concentrations determined by
subtracting the signal of the interfering analytes. One of the
graphs shows an independently measured O, concentration by
exchanging H, with the non redox active gas N, on the
corresponding gas inlet for comparison. All measurements
show the same progression with the absolute values for each
position varying randomly around an arithmetic mean,
implying that the rather small variance in the obtained values
is not an error introduced by the chronoamperometric
subtraction algorithm but rather a real temporal difference of
the local gas concentration.

Performance Analysis and Error Discussion. Measuring
different analytes in parallel with the same sensor system in a
complex setup, it is essential to investigate performance and
discuss the sources of error. We analyzed key performance
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Figure 7. (A) H,O, concentrations measured along the reactor during
triple analyte detection using the chronoamperometric protocol after
subtraction of the H, portion of the measurement signal at 0.95 V.
The solid lines represent the average of all obtained values. (B) H,
concentrations measured along the reactor during triple analyte
detection with a flow rate of 1.2 mL/min using the chronoampero
metric protocol.

parameters under real measurement conditions, as summarized
in Table 2. All data refer to the parallel measurement with all
analytes present inside the membrane reactor using the data
processing, as described previously. Thus, the deviations reflect
the actual use case and include combined contributions from
the sensors, method, experimental procedure, and membrane
rector.

For H,0,, the precision for each set of measurements (0.5—
2 mM) around the mean values was between 3.2 and 4.7%.
Regarding trueness, as defined by the deviation of the
measured value from the values used for calibration, we
determined an average absolute error between 3.2 and 6.8%.
Since the absolute magnitude of the error at each measurement
is roughly the same, the relative error decreases for higher
concentrations. That is favorable for applications at higher
concentrations. Only H, potentially influences the H,O, signal.
Its error additively influences the H,O,, but at more than one
magnitude lower sensitivity, it plays a negligible role.
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Figure 8. O, concentrations measured in the reactor during triple
analyte detection, using the chronoamperometric protocol, showing
good agreement to the results obtained without interfering H,O, and
H..

Table 2. Performance Parameters of the Developed Sensor
Method for the Parallel Sensing of H,0,, O,, and H, in the
Actual Microreactor Application

hydrogen peroxide relative error remark

4.7% (n = 13)  standard deviation
in relation to
measured mean

precision, 0.5 mM

3.8% (n=13)
32% (n = 13)

6.8% (n = 13) mean absolute error
with respect to
calibration

precision, 1 mM
precision, 2 mM

trueness, 0.5 mM

4.9% (n = 13)
32% (n=13)

3.6% (n=13) mean absolute error
with respect to
calibration

1]

trueness, 1 mM
trueness, 2 mM

sensitivity variation along reactor

oxygen relative error remark

cross-sensitivity to 0.8% (n = 13) mean absolute deviation after
H,0, data processing

14.6% (n = 13) standard deviation,
dominated by errors at low

values

precision across all
positions
standard deviation

precision in relation 3.5% (n =4 x 13)

to measured range

relative error remark

cross-sensitivity to 1.2% (n = 13) mean absolute deviation after
H,0, data processing

13.1% (n = 13)

hydrogen

standard deviation,
dominated by errors at low
values

precision across all
positions

precision in relation ~ 2.6% (n = 4 X 13)  standard deviation

to measured range

H,0, sensitivity variation along the reactor positions can be
evaluated by extracting three point calibrations from the
known concentrations. Along all 13 positions, sensitivity varied
by 3.6%. That is in the same range as the variations in precision
and trueness. Therefore, we can conclude that installing the
sensors at different positions, along with opening and closing
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the reactor multiple times, introduces a systematic but
unavoidable variation, which seems to be a major contribution
to the overall error. Sources of that error are thought to be
geometrical tolerances of the sensor mounts and deviations in
the distance to the membrane due to slight buckling, affecting
overall mass transport by diffusion distance, position in the
flow, and local disturbances of the flow.

O, and H, measurements were carried out along the reactor
at different H,0, concentrations. Therefore, we can estimate
the real cross sensitivity of O, and H, measurements to H,O,.
Cross sensitivities for H,O, at the other two working points
were determined and compared to that of O, and H,. For the
O, signal, we found an average cross sensitivity to H,O, of
0.8%. For the H, signal, cross sensitivity to H,O, was 1.2%. H,
is calibrated directly and selectively, so there is no influence, as
expected. The O, signal depends on both H, and H,0O,, where
each error influences additively with roughly the same
sensitivity. Since the resulting error for O, is in the same
range as for H,, the subtraction works effectively. None of the
cross sensitivities show a trend, and the values are lower than
the scatter for H,0, measurement alone. We can therefore
conclude that our developed method works very well, and
highly selective signals can be obtained in practice. As
mentioned before, for safety reasons, O, and H, cannot be
presaturated easily in the solution at the same time. It is
therefore not feasible to determine the actual cross sensitivity
as described above for this case.

The different H,O, concentrations were found to have a
negligible influence on O, and H, measurements. Therefore,
we can also evaluate the reproducibility of the H, and O,
measurements along the reactor, justifiably assuming they are
independent of H,0,. The relative deviation of the O,
measurements was 14.6% across all reactor positions. The
relative deviation for H, was 13.1%. Both of these seemingly
high relative errors are dominated by the proportionally higher
errors at low concentrations. As for the H,O, measurements,
these unavoidable errors come from systematic details of the
setup (geometrical tolerances, assembly). The errors in relation
to the full measurement range, as determined by the maximum
measured concentration along the reactor, are 3.5% for O, and
2.6% for H,.

CONCLUSIONS

We developed an electrochemical sensor protocol allowing the
simultaneous, parallel determination of the concentrations for
the analytes H,, O,, and H,O, on the same platinum electrode.
The protocol is based on chronoamperometry. By stepping
between different, thoroughly optimized, anodic and cathodic
potentials in a cyclic manner, it enables us to determine the
contribution of each analyte in a combined current signal and
subsequently subtract the interfering signals.

The steps used in the chronoamperometric protocol were
obtained by measuring each of the analytes at different
potentials, spanning the whole electrochemical window of
water. The final potentials were chosen according to the
criteria of signal strength and overlapping signal regions. This
allowed the deduction of a measurement potential for the
detection of H, independent from the other two electroactive
species. The nature of the interference of the individual signal
contributions of each analyte for the other potential regions
was tested. The results showed that each analyte signal either
positively or negatively adds to the other while not influencing

each other’s sensitivities. This allows the direct subtraction of
the calculated signal contributions for each analyte.

The developed protocol was applied to the direct synthesis
process of H,0, in membrane microreactors. For the first time,
we have shown the mapping of gas distribution inside such
membrane microreactors. Sensors were positioned at different
locations along the reaction channel length to obtain the
distribution how the analytes enter through the membrane
under flow conditions. Such a measurement would not be
possible with downstream techniques and shows how electro
chemical sensors can deliver unique information in process
engineering with the vision to control processes based on
sensor data. Furthermore, the results of our in situ reactor
measurement showed the validity of the applied protocol to
precisely and selectively determine the concentration of the
analytes H,, O,, and H,O, by the same electrode when all are
present in the same electrolyte. In previous works, we have
shown measurement of these analytes at high pressures. For
the resulting high concentrations, it has yet to be shown how
far the superposition of the currents behaves in a linear
additive manner. Nonetheless, we have shown that the
presented method can provide a potent way of determining
concentrations of multianalyte systems. The overall approach
is not limited to the application case or analytes shown in this
work and could be applied to, for example, different reactive
oxygen/nitrogen species or neurotransmitters.
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