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Online techniques for the quantitative analysis of reaction notdetected ProductStream o N
products have many advantages over offline methods. However, owing to the
low product formation rates in electrochemical reactions, few of these
techniques can be coupled to electrochemistry. An exception is differential
electrochemical mass spectrometry (DEMS), which gains increasing popularity
not least because of its high time resolution in the sub-second regime. DEMS is
often combined with a dual thin-layer cell (a two-compartment flow cell), which
helps to mitigate a number of problems that arise due to the existence of a
vacuumlelectrolyte interface. However, the efficiency with which this cell
transfers volatile reaction products into the vacuum of the mass spectrometer is
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far below 100%. Therefore, a calibration constant that considers not only the

sensitivity of the DEMS setup but also the transfer efficiency of the dual thin-layer cell is needed to translate the signals observed in
the mass spectrometer into electrochemical product formation rates. However, it can be challenging or impossible to design an
experiment that yields such a calibration constant. Here, we show that the transfer efficiency of the dual thin-layer cell depends on
the diffusion coefficient of the analyte. Based on this observation, we suggest a two-point calibration method. That is, a plot of the
logarithm of the transfer efficiencies determined for H, and O, versus the logarithm of their diffusion coefficients defines a straight
line. Extrapolation of this line to the diffusion coeflicient of another analyte yields a good estimate of its transfer efficiency. This is a
versatile and easy calibration method, because the transfer efficiencies of H, and O, are readily accessible for a large range of

electrode—electrolyte combinations.

differential electrochemical mass spectrometry, dual thin-layer cell, flow cell, calibration, electrochemical alcohol oxidation

Differential electrochemical mass spectrometry (DEMS) is an
experimental technique that allows the detection of volatile
products formed during electrochemical reactions by mass
spectrometric means. This renders DEMS a very useful tool in
the study of reaction mechanisms such as the reduction of
nitrate,' the competition between hydrogen evolution and
CO, reduction,” and the selective reduction of ethyne to
ethene.” However, the presence of a vacuumlliquid electrolyte
interface, which is inherent to the DEMS technique,
complicates the study of these reactions, as they involve either
the formation of a volatile intermediate (nitrate reduction) or
volatile reactants (CO, and ethyne reduction). In arrange-
ments in which the electrochemical reaction proceeds directly
at the vacuumlelectrolyte interface or in its immediate
proximity, a mass transport competition between electrode
and vacuumlelectrolyte interface arises."”* Hence, the working
electrode is either starved of the reactant’ or reaction
intermediates are removed from the electrode before they
react further.' In both cases, the measurement interferes with
the product distribution of the electrochemical reaction, a
situation that must be avoided to gain meaningful information
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about the electrochemical system under investigation. We do
not expect that this issue is fixed when the vacuumlelectrolyte
interface is substituted for an interface between electrolyte and
carrier gas as in the SNIFFER chip.’ That is, the relevant
quantity is the partial pressure of the analyte (and not the
absolute pressure) that must be kept low to achieve diffusion
limited transfer of the analyte into the gas phase. This is a
precondition for the use of DEMS as a quantitative technique,
because only then do the amounts of evaporated analyte and
therefore the signal detected by the mass spectrometer reflect
on the formation rate of the analyte. Otherwise, the signal
intensity would be convoluted by the kinetics or the
thermodynamics of the evaporation process, yielding qual-
itative information only.
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It stands therefore to reason that mass transport competition
will always arise when the electrode is immediately placed at
the interface between the electrolyte and the gas phase. This
issue can be overcome,® when the dual thin-layer cell is used,
which was first introduced by Jusys et al.’ In this cell, the
electrochemical formation of volatile reaction products
proceeds in a different location than their transfer into the
vacuum of the mass spectrometer.”” Constant electrolyte flow
through the cell transports the volatile reaction products along
with the electrolyte to the vacuumlelectrolyte interface. Other
flow cells*™"" or the bead-crystal flow-through cell,'"* and
what appears to be an adaptation of it,"*" can be expected to
avoid the negative effect of the vacuumlelectrolyte interface as
well. However, all these cells are likely to suffer from the same
drawback as the dual thin-layer cell: The efliciency with which
a flow cell transfers volatile reaction products into the vacuum
of the mass spectrometer is usually far below 100%.” This
poses a problem when one desires to translate the signal,
detected by the mass spectrometer, into an electrochemical
product formation rate. The issue is comparable to a rotating
ring disc electrode (RRDE) experiment: A product molecule
that is detected at the ring electrode represents several more
product molecules that travel from the center electrode
outward to the bulk electrolyte without undergoing a reaction.
Therefore, a collection efficiency must be considered when the
current at the ring electrode is interpreted as product
formation rate at the disc electrode. The transfer efliciency
of a flow cell in a DEMS experiment has the same function as
the collection efficiency in an RRDE experiment. Hence,
quantification of the mass spectrometric signal requires a
calibration constant that considers both the overall sensitivitg
of the DEMS setup and the transfer efficiency of the flow cell.
So far, it was only possible to determine such a calibration
constant from a DEMS experiment in which the analyte is
either formed or consumed in an electrochemical reaction of
known Faradaic efficiency. In this case, the formed (or
consumed) amount of analyte can be determined from the
charge that is passed during the electrochemical reaction. A
calibration constant is obtained, when the amount of
electrochemically formed products is related to the signal
observed by the mass spectrometer. The calibration constant
obtained in this way comprises both the transfer efficiency of
the dual thin-layer cell and the sensitivity of the DEMS setup.”
This procedure has to be repeated every time the cell is set up
anew, because the exact cell geometry and therefore the
transfer efficiency change with each setting up. For this reason,
it is only possible to change the electrolyte, but not the
electrode, to create conditions under which the analyte is
formed (or consumed) with known Faradaic efficiency. This is
often a difficult condition to meet, and it can become daunting
or impossible to calibrate the dual thin-layer cell or any other
flow cell.

In this work, we show that the transfer efficiency of the dual
thin-layer cell depends on the diffusion coeflicient of the
analyte. Based on this observation, we suggest a two-point
calibration method. That is, a plot of the logarithm of the
transfer efficiencies determined for H, and O, versus the
logarithm of their diffusion coefficients defines a straight line.
The transfer efficiency of another compound can then be
determined by extrapolation to its diffusion coefficient. Since
the transfer efficiencies of H, and O, are usually readily
accessible for aqueous electrolytes, this procedure is an easy-to-
use and (almost) universal calibration method.
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Electrolytes were either prepared from NaClO, (99.99%, trace metal
basis, Sigma-Aldrich), HCIO, (60% by wt. solution, EMSURE,
Merck), KOH (86.7%, analytical reagent grade, Fisher Scientific),
NaOH (>98%, Puriss, Sigma-Aldrich), Ni(NO;), (for analysis,
Sigma-Aldrich), Co(NO;), (Puratronic, Alfa Aesar), 2-propanol
(Normapur, VWR Chemicals), argon (5.0 purity, Linde), and CO
(4.7 purity, Linde).

The dual thin-layer cell was manufactured from PCTFE and
constantly purged with argon to keep ambient air from entering the
vacuum of the mass spectrometer. This allows a steady base line on
masses 32 and 44. A PTFE membrane (PTFO02LHOP—Samp, Pall
Inc.) was peeled with a scalpel from the support, and two layers of it
were used to form the vacuumlelectrolyte interface. Four layers of the
same PTFE membrane were used as spacers. Electrochemical
measurements were conducted either with an Ivium CompactStat
or with a PalmSens Potentiostat.

During the experiments, the electrolyte is continuously purged with
argon or CO. Hence, the electrolyte should be saturated with the
respective gas during the electrochemical experiment.

In order to cover a stainless-steel electrode with a Co(OH),/
Ni(OH), codeposit, we followed the procedure outline by Sun and
Xu.'® We conducted chronoamperometry at —0.85 V (vs AglAgCl) in
an electrolyte that featured 0.07 M Ni(NO;), and 0.03 Co(NO;),
until a charge of 1 C was passed. This procedure should yield a
Co(OH),/Ni(OH), codeposit with a Ni content of 46%.'° However,
no further characterization of the composition was conducted.

DEMS measurements were conducted on two identical, homebuilt
DEMS setups. The design followed the principle outlined by Wolter
and Heitbaum."” In brief: A PEEK sleeve around the mass
spectrometer (QMA 410, Pfeiffer Vacuum) divides the vacuum
system into two sections, which allows differential pumping of the
mass spectrometer. The section of the vacuum system that features
the ion source (cross beam with magnets) is pumped with a turbo
molecular pump featuring a pumping speed of 255 L/s (HiPace 300,
Pfeiffer Vacuum). The section of the vacuum system that features the
secondary electron multiplier and the mass filter is pumped with a
turbo molecular pump featuring a pumping speed of 66 L/s (HiPace
80, Pfeiffer Vacuum).

In those experiments where we study the electrochemical oxidation
of CO to CO,, the energy of the electrons emitted from the insource
is reduced. Therefore, the cathode potential of the insource is set to
—27.5 V. In this way, we can avoid fragmentation of CO, and monitor
the consumption of CO in the ionic current for mass 28 without
interfering contributions from CO, fragments.* Accordingly, there is
no need to correct the signal observed for mass 28. In the experiments
where we study the oxidation of 2-propanol, the cathode potential is
set to —70 V.

Leakage calibration was conducted as outlined by Wolter and
Heitbaum."” A cavity of known volume is filled with the analyte gas to
a pressure of approximately 300 Pa and then leaked gradually into the
vacuum of the mass spectrometer. While doing so, a capacitive gauge
records the declining pressure in the cavity and the mass spectrometer
measures the ionic current for the relevant mass. The ideal gas law is
employed to calculate the flux of gas molecules into the mass
spectrometer from the decline of the pressure (i.e., the first derivative
of the pressure with respect to time) and the volume of the cavity. By
relating this flux to the measured ionic current, we can determine
K°(x), which represents the sensitivity of the DEMS setup for
compound x (c.f. eq 1). Leakage calibration for acetone is conducted
in the same way. However, in this case, a glass vial is filled with 100
UL of acetone and then placed in the aforementioned cavity. The
pressure is then reduced until a value of approximately 300 Pa is
reached. All leakage calibration experiments were conducted, while
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Flushing Electrolyte with Concentration cg
Through Cell

“Relevant Part of the Dual Thin-Layer Cell (A). 1: Cell body; 2: PTFE spacer (upper compartment); 3: Working electrode; 4: Steel holder; S:
PTFE membrane (Scheme A: Adapted with Permission under a Creative Commons CC-BY License from Bondue, C. J.; Koper, M. T. Journal of
Electroanalytical Chemistry 2020, 875 (3), 113, 842. Copyright 2020 Elsevier B.V. The color gradient indicates the evolution of the concentration
profile schematically and has not been simulated. (B) Evolution of the concentration profile of the product formed at the electrode in the
electrolyte during an electrochemical DEMS Experiment (Positions A, B, C, D and E as indicated in Scheme 1A). (C) Evolution of the
concentration profile when an electrolyte featuring the concentration cB of the analyte is flushed through the cell. (B) and (C) Are a simplified

representation of the concentration profiles discussed previously.”'®

the dual thin-layer cell was flushed with the blank electrolyte and
attached to the mass spectrometer. In this way, we can ensure that the
partial pressure of water in the ion source is the same during
calibration and the actual electrochemical experiment. This is relevant
because the presence of water is known to facilitate the detection of
the analyte."”

Scheme 1A shows a drawing of the relevant parts of the dual
thin-layer cell. The working electrode is pressed on rings of
PTFE spacers, which leaves a cavity between the working
electrode and the cell body. The electrolyte enters the cavity,
i.e., the upper compartment, through a capillary in the center
and flows along the working electrode toward the outer
perimeter of the upper compartment. The electrolyte leaves
the upper compartment and enters the lower compartment
through six capillaries that are arranged in a circular fashion
(only two are shown in Scheme 1). The lower compartment is
formed when the cell holder is pressed on the PTFE spacers,
which again leaves a cavity between the cell body and the
PTFE membrane and leaves the cell through a capillary in the
center. Hence, volatile reaction products that accumulate in
the electrolyte while flowing along the working electrode can
evaporate in the lower compartment when the electrolyte
passes the PTFE membrane.

To understand why the dual thin-layer cell has a transfer
efficiency of less than 100%, we can consider how the
concentration profile evolves within the electrolyte, when it
flows from the upper to the lower compartment. This is shown
qualitatively in Scheme 1B for different positions in the dual
thin-layer cell” When the electrolyte enters the upper
compartment in position A, no product is dissolved in the
electrolyte. However, formation and, hence, accumulation of
the product occur as the electrolyte passes along the working
electrode from positions B to C. Mass transport effects cause a
profile in which the product concentration is highest at the
electrode surface and flattens out in the direction of the cell
body. During the transfer of the electrolyte from the upper to
the lower compartment, diffusion reduces the concentration
gradient (not shown in Scheme 1B). However, a concentration
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gradient of the product remains when the electrolyte reaches
position D unless the diffusion coefficient of the product is
very large or the flow rate is very low. The fact that much of
the product molecules diffuse in the x-direction, when the
electrolyte flows from position A to position D, is responsible
for a transfer efficiency below 100%: At position D, all
molecules that are in the direct proximity of the PTFE
membrane evaporate immediately into the vacuum of the mass
spectrometer. Hence, the product concentration in the
electrolyte closest to the vacuumlelectrolyte interface drops
to zero. Accordingly, another concentration gradient emerges
that causes some product molecules to diffuse toward the
vacuumlelectrolyte interface, while the electrolyte flows along
the PTFE membrane from positions D to E. At the same time,
product molecules continue to diffuse in the x-direction,
because a negative concentration gradient in this direction
continues to exist. For this reason, the electrolyte will not be
depleted completely and a fraction of the electrochemically
formed products leave the cell along with the electrolyte,
unless the flow rate of the electrolyte is low (and therefore the
dwell time in the lower compartment is large). Scheme 1B
indicates why a dependence of the transfer efficiency on the
diffusion coeflicient of the analyte is expected: The shape of
the concentration profile and mass transport are related to the
diffusion coefficient and determine the fraction of analyte that
evaporate at the vacuumlelectrolyte interface. It should also be
clear that the transfer efficiency is a function of the electrolyte
flow rate through the cell.”?*® As the latter is increased, the
electrolyte spends less time in the lower compartment. Hence,
the analyte has less time to diffuse to the membrane and to
evaporate into the vacuum of the mass spectrometer.
Accordingly, a decrease of the transfer efficiency is observed
when the electrolyte flow rate increases.”’

Sometimes the argument arises that it should be possible to
calibrate the dual thin-layer cell by flushing it with an
electrolyte that features a known concentration of the analyte.
Indeed, considering the electrolyte flow rate and the analyte
concentration, it is possible to determine the flux of analyte (in
mol/s) through the dual thin-layer cell. However, when the
flux of analyte is related to the relevant ionic current, a quantity
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is obtained that does not constitute the transfer efficiency N.”
This becomes clear from Scheme 1C, which illustrates
qualitatively the evolution of the concentration profile when
an electrolyte featuring the analyte concentration cg is flushed
through the dual thin-layer cell. Comparison of Scheme 1B and
C emphasizes that such an experiment cannot emulate the
concentration profile of an actual electrochemical experiment,
which is important in determining the transfer efficiency.
Hence, only a calibration experiment, in which the same
concentration profile arises as in the actual, electrochemical
experiment, can yield a calibration constant that accounts for
the transfer efficiency.

In order to investigate the dependence of the transfer
efficiency on the diffusion coefficient of the analyte, we
consider the electrochemical evolution of H,, O,, and CO, as
well as the electrochemical consumption of CO (i.e., oxidation
to CO,) in an electrolyte of 0.5 M NaClO, containing 10 mM
HCIO,. Figure 1 shows the CVs and the mass spectrometric
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Figure 1. CV (A) and MSCYV for masses 2 (black, B), 32 (blue, B), 28
(black, C), and 44 (red, C) obtained during a potential sweep at an
Au working electrode in the dual thin-layer cell. Electrolyte: CO
saturated 0.5 M NaClO, + 10 mM HCIO,; electrolyte flow rate: S
HuL/s; sweep rate: 20 mV/s. The cathode potential of the ion source of
the mass spectrometer was 27.5 V.

CVs (MSCVs) for masses 2, 28, 32, and 44 obtained at a gold
electrode. The negative current in the CV and the positive
signal in the MSCV for mass 2 indicate the evolution of
hydrogen at potentials negative of —0.5 V. Since no CO
reduction occurs (absence of a negative ionic current in the
MSCV for mass 28), it can be assumed that hydrogen
evolution proceeds with 100% Faradaic efficiency. At potentials
larger than 0.1 V, the electrochemical oxidation of CO to CO,
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takes place, which can be derived from the negative ionic
current in the MSCV for mass 28 (CO consumption) and the
positive ionic current in the MSCV for mass 44 (CO,
formation). Considering the absence of any other electroactive
species and the absence of a signal in the MSCV for mass 32 at
potentials negative of 1.5 V, it can be assumed that the
oxidation of CO to CO, occurs with 100% Faradaic efficiency.
Note that the presence of 10 mM HCIO, means that neither
HCO;™ nor CO;>” is stable. As the potential exceeds 1.5 V in
the positive going direction, electrochemical CO oxidation
stops before electrochemical oxygen evolution sets in. This is
indicated by the positive signal in the ionic current for mass 32.
Considering that the oxidation of CO has already stopped and
that no other electroactive species is present in the electrolyte,
it can be assumed that also oxygen evolution proceeds with
100% Faradaic efficiency.
It is therefore possible to employ eq 1

IF(x)
z-F

169 = H2 NG ) = E2 k)

(1)
to calculate the calibration constant K*(x) of compound x
from the ionic current I;(x) (signal of the mass spectrometer)
and the Faradaic current Iz(x) (electrochemical current). In eq
1, F is the Faraday constant and z is the number of electrons
transferred during the electrochemical reaction. Note that the
calibration constant K*(x) is the product of the transfer
efficiency N(x) and K°(x). The latter can be considered the
sensitivity of the DEMS system for compound x. Molecular
properties such as the ionization cross section and the
fragmentation pattern enter this quantity. In the case of H,,
CO, CO,, and O,, K° is accessible by the leakage calibration
experiment outlined in the Experimental Section.”'” Hence,
after determination of K* and determination of K° via leakage
calibration, it is possible to determine the transfer efficiency of
a given cell setup for H,, CO, CO,, and O,.

To determine the transfer efficiency of H,, CO, CO,, and
O,, we have conducted potential step experiments because this
allows us to avoid (pseudo)capacitive charging effects that
would otherwise add to the Faradaic current. The correspond-
ing experiments are shown in Figure 2—4. In Figure 2 a
potential step from 0 to —1 V, in Figure 3 a potential step from
0 to 0.9 V, and in Figure 4 a potential step from 0 to 1.9 V
were conducted. Panels A of each of these figures show the
measured Faradaic current, and panels B show the
corresponding ionic current (Figure 2: mass 2; Figure 3:
masses 28 and 44; Figure 4: mass 32). Panels C show the
transfer efficiency calculated from the data shown in panels A
and B using eq 1. For this, we used the average K° values given
in Table 1, which were derived for each gas from the results of
four distinct leakage calibration experiments (not shown).
Note that the transfer efficiency is constant over time in
Figures 2—4, which indicates that bubble formation does not
occur in our experiments. The latter would manifest itself in
sudden spikes in the ionic current and in the transfer efficiency.
These spikes would result from the bursting of bubbles at the
membrane, which releases suddenly large quantities of the
analyte into the vacuum of the mass spectrometer.

In Figure S, the logarithm of the transfer efficiency is plotted
as the function of the logarithm of the diffusion coefficient (D)
of the respective gas. The diffusion coefficients for H,, O,, and
CO were determined for the employed electrolyte (0.5 M
NaClO, + 10 mM HCIO,) by the method introduced by the
groups of Fuhrmann and Baltruschat."®*" The results of the
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Figure 2. Faradaic current (A) and ionic current for mass 2 (B)
measured during a potential step from 0 to —1 V (vs AglAgCl) in the
dual thin-layer cell. Working electrode: Au; electrolyte: 0.5 M NaClO,
+ 10 mM HCIO,, saturated with CO; electrolyte flow rate: S uL/s.
(C) Transfer efficiency calculated via eq 1 from the data shown in (A)
and (B) as well as K°(H,) (Table 1). The cathode potential of the ion
source of the mass spectrometer was 27.5 V.
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Figure 3. Faradaic current (A) and ionic current for mass 28 (black)
and 44 (red) (B) measured during a potential step from 0 to 0.9 V (vs
AglAgCl) in the dual thin-layer cell. Working electrode: Au;
electrolyte: 0.5 M NaClO, + 10 mM HCIO,, saturated with CO;
electrolyte flow rate: S uL/s. (C) Transfer efficiency calculated using
eq 1 from the data shown in (A) and (B) as well as K°(CO,)/
K°(CO) (Table 1). The cathode potential of the ion source of the
mass spectrometer was 27.5 V.

corresponding flow through experiments (Figures SI and S2,
for CO only) and the related discussion are provided in the
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Figure 4. Faradaic current (A) and ionic current for mass 32 (B)
measured during a potential step from 0 to 1.9 V (vs AglAgCl) in the
dual thin-layer cell. Working electrode: Au; electrolyte: 0.5 M NaClO,
+ 10 mM HCIO,, saturated with CO; electrolyte flow rate: S uL/s.
(C) Transfer efficiency calculated using eq 1 from the data shown in
(A) and (B) as well as K°(O,) (Table 1). The cathode potential of
the ion source of the mass spectrometer was 27.5 V.

Supporting Information. We did not determine the diffusion
coefficient of CO, in this way, because the employed
procedure involves a measurement in pure water. At this pH,
CO, exists in equilibrium with bicarbonate, which would
distort the results. Therefore, in Figure 5, the logarithm of the
transfer efficiency of CO, is plotted against the lo%arlthm of its
diffusion coefficient in water (2.05 X 10™° cm?/s

Note that the plot in Figure S suggests an approximately
linear relationship between the logarithm of the diffusion
coefficient (D) and the logarithm of the transfer efficiency N.
In fact, the slope of the linear fit in Figure 5 suggests that the
transfer efficiency has a D™'? dependency. However, the
exponent with which the diffusion coefficient enters the
transfer efficiency changes with each cell assembly. This
becomes clear from Figure S3 of the Supporting Information,
where we show the same plot as in Figure S for two other data
sets. That is, in these data sets, N has a D™®% and D
dependency, respectively. Typically, the diffusion coefficient
enters with an exponent of 2/3 into equations that describe
mass transport under forced convection. This is true for the
Levich equation™ and for eq S2 that describes mass transport
phenomena in the dual thin-layer cell, when concentration
profiles as in Scheme 1C emerge.'”' Considering that the
situation in Scheme 1B is significantly more complex than in
Scheme 1C, it is not unexpected that also a more complex
relationship between D and N emerges.

Although the exact relationship between N and D remains to
be identified in the future, the empirically observed relation-
ship between the logarithm of the transfer efficiency and the
logarithm of the diffusion coefficient is of great interest. This
relationship allows us to employ a two-point calibration
method to estimate the transfer efficiency of any compound of
interest. That is, for many electrode/electrolyte systems, the
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Table 1. K° for H,, O,, CO, and CO, Determined via Leakage Calibration”

K°(H,) [C/mol]

K°(0,) [C/mol]

K°(CO) [C/mol] K°(CO,) [C/mol]

experiment 1 1.547 2.17 2.743 4.505
experiment 2 2.747 (excluded) 2.304 2.874 4.159
experiment 3 1.574 2.441 2.831 4.662
experiment 4 1.581 2.31 2.728 4.586
average 1.568 + 0.01 2.306 + 0.0S 2.793 + 0.06 4478 £ 0.1
“The cathode potential of the ion source of the mass spectrometer was 27.5 V.
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the logarithm of the diffusion coeflicient of the respective gases. Error 1
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transfer efficiency of O, and H, is readily accessible. These two © 16 1 N n
values define a straight line in the log(IN) vs log(D) plot, which © T
can be extrapolated to the diffusion coefficient of any other = 87 T
compound. Thus, this approach allows us to estimate the T
transfer efficiency of other analytes based on their respective 0+ : | l . : ol

diffusion coefficient. Once the N value is determined, leakage
calibration can be conducted to determine K° for the
considered analyte. This allows us to employ eq 1 to quantify
the mass spectrometric data and to translate them into an

electrochemical product formation rate (i.e., I—FF)
-

To show that the procedure described above is a viable
method to calibrate the dual thin-layer cell, we compare the
transfer efficiency estimated via two-point calibration with a
value that was determined experimentally. For this, we
consider the electrochemical oxidation of 0.1 M 2-propanol
(cf. Scheme 2) in 0.5 M NaOH at a Co(OH),/Ni(OH),-
codeposit electrocatalyst.

Figure 6 shows the CV and MSCV for masses 32 (oxygen)
and 58 (acetone) that were collected for this electrode/
electrolyte system in the potential range from 0.3 to 0.55 V.

Scheme 2. Reaction Equation of 2-Propanol Oxidation to

Acetone. The Molecular Fragment of Acetone Has a Mass of
58 amu

OH

o)
)\ +20H — )]\+2H20+2e'

(58 amu)

282

030 035 040 045 050 0.55
E /V (vs Ag|AgCl)

Figure 6. CV (A) and MSCVs for masses 32 (B) and 58 (C) obtained
during a potential sweep from 0.3 to 0.55 V in the dual thin-layer cell.
Working electrode: Co(OH),/Ni(OH), codeposit on a stainless-steel
electrode; electrolyte: 0.1 M 2-propanol in 0.5 M NaOH; electrolyte
flow rate: S uL/s; sweep rate: 10 mV/s.

Due to capacitive charging, it is difficult to judge based on the
CV where 2-propanol oxidation takes place. However, the
evolution of a signal in the MSCV for mass 58 unambiguously
indicates the formation of acetone once a potential of 0.43 V is
passed in the positive-going direction. The MSCV for mass 32
indicates that the oxygen evolution reaction only occurs at
potentials larger than 0.48 V. Note that both reactions retain a
strong degree of hysteresis. Notwithstanding this, there is a
potential region in which 2-propanol oxidation is not
accompanied by the oxygen evolution reaction. Since the
oxidation of secondary alcohols yields the corresponding
ketone at transition metal oxides,”* we can assume that there is
a potential region in which the oxidation of 2-propanol to
acetone occurs with 100% Faradaic efficiency. Hence, we can
employ this reaction to determine the transfer efficiency of
acetone experimentally. Furthermore, we can conduct both the
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hydrogen evolution reaction and the oxygen evolution reaction
to determine the transfer efficiency of H, and O,, respectively.
Both gases (H, and O,) are evolved from the blank electrolyte
to avoid overlapping signals between oxygen evolution and 2-
propanol oxidation in the Faradaic current. As in the case of
CO oxidation, we conduct potential step experiments to avoid
an effect due to (pseudo)capacitive charging on the Faradaic
current. Potential step experiments recorded in the blank
electrolyte are shown in Figure 7 (steps between —1.1 and

0.0
< -02
< -04
[T
— .06
-0.81A
40
< Hzﬁs
c
=~ 20
a
—= 0 B \
0.3
0.2 N|=0.133
zZ
0.1
0.0{C f
0 100 200

t/s

Figure 7. Faradaic current (A) and ionic current for mass 2 (B)
measured during potential steps between —1.1 and —1.41 V (vs Agl
AgCl) in the dual thin-layer cell. Working electrode: Co(OH),/
Ni(OH), codeposit on a stainless-steel electrode; electrolyte: 0.5 M
KOH; electrolyte flow rate: 5 uL/s. (C) Transfer efficiency calculated
via eq 1 from the data shown in (A) and (B) as well as K°(H,) (Table
2). The cathode potential of the ion source of the mass spectrometer
was 70 V.

—1.41 V; hydrogen evolution) and Figure 8 (steps between 0.4
and 0.5 V, oxygen evolution). The potential step experiments
conducted in the 2-propanol-containing electrolyte are shown
in Figure 9 (steps between 0.3 and 0.48 V). In Figures 7-9,
the Faradaic current is shown in panel A, whereas panel B
shows the ionic current for the relevant mass. From the data
shown in panels A and B and from the respective value of K° in
Table 2, we calculated the transfer efficiencies of H,, O,, and
acetone, which are shown in panel C of Figures 7, 8 and 9,
respectively. In all Figures, the value of N increases over time
until it approaches a limiting value. In doing so, N mirrors
behavior of the ionic current that reaches a steady value only
several seconds after the potential step. We do not assign the
time dependence of the ionic current to an increasing
sensitivity of the filament™ but to pseudocapacitive charging
effects of the metal oxide that continue over an extended
course of time. That is, as time progresses, a smaller fraction of
the current is used for the chemical transformation of the metal
oxide and a larger fraction of the current is used for the
Faradaic reaction. Moreover, note that we observed a minor
signal in the ionic current for mass 32 parallel to acetone
formation (not shown in Figure 9). With the calibration
constant for oxygen, determined from the experiment in Figure
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Figure 8. Faradaic current (A) and ionic current for mass 32 (B)
measured during potential steps between 0.4 and 0.5 V (vs AglAgCl)
in the dual thin-layer cell. Working electrode: Co(OH),/Ni(OH),
codeposit on a stainless-steel electrode; electrolyte: 0.5 M KOH;
electrolyte flow rate: 5 uL/s. (C) Transfer efficiency calculated via eq
1 from the data shown in A and B as well as K°(O,) (Table 2). The
cathode potential of the ion source of the mass spectrometer was 70
V.
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Figure 9. Faradaic current (A) and ionic current for mass 58 (B)
measured during potential steps between 0.3 and 0.48 V (vs AglAgCl)
in the dual thin-layer cell. Working electrode: Co(OH),/Ni(OH),
codeposit on a stainless-steel electrode; electrolyte: 0.1 M 2-propanol
in 0.5 M KOH; electrolyte flow rate: S uL/s. (C) Transfer efficiency
calculated via eq 1 from the data shown in A and B as well as
K°(acetone) (Table 2). The cathode potential of the ion source of the
mass spectrometer was 70 V.
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Table 2. K° for Acetone, O,, and H, Determined via Leakage Calibration”

K° (acetone) [C/mol]

experiment 1 34.3
experiment 2 58.7
experiment 3 46.9
experiment 4 52.0
average 48.0 + 4.5

“Cathode potential (ion source): 70 eV.

8, the ionic current for mass 32 was translated into the partial
current due to oxygen evolution. The latter was subtracted
from the Faradaic current shown in Figure 9, before the
transfer efficiency for acetone was determined. The logarithm
of the experimentally determined transfer efficiencies are
plotted against the logarithm of the diffusion coeflicient in
Figure 10. For this plot, we used the value of N at the end of

~054 1
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log(D x 10° x s/cm?)

Figure 10. Plot of the transfer efficiency of acetone, O,, and H, (from
left to right) determined in Figures 7—9 versus the diffusion
coefficient of the respective compound to the power of 4/3. Error
bars due to K°.

the potential step to minimize the effect of pseudocapacitive
charging. The diffusion coefficients of H, (3.9 X 107° cm?/
$),”° 0, (1.65 X 1075 cm?/s),”” and acetone (1.28 x 107°
cm?/s)*® were taken from literature. The straight line defined
by the transfer efficiencies of hydrogen and oxygen in Figure
10 can be used to predict the transfer efliciency of acetone.
From Figure 10, it is clear that the estimated and
experimentally determined transfer efficiencies of acetone are
in reasonable agreement. In order to explore the accuracy of
the method, we have conducted the experiments of Figures
7—10 four more times and predicted the transfer efficiency of
acetone from a log(N) vs log(D) plot. Table 3 compares the
experimentally determined value with the values estimated
from the two-point calibration method. Considering the
deviation between experimentally determined and predicted
values of the transfer efficiency, it appears appropriate to
assume an error of about 20% on the calibration constant
whenever the two-point calibration procedure is used. This
allows obtaining a good estimate of the calibration constant for
those cases for which other calibration procedures fail.

284

K°(0,) [C/mol] K°(H,) [C/mol]

298.9 92.0

276.5

2784 109.1

284 £ 7.6 100.6 + 6.1

Table 3. Comparison of the Experimentally Determined
Transfer Efficiency of Acetone with Values Determined via
Two-Point Calibration

Neyp Niredicted error [%]
experiment 1 0.232 0.262 +13
experiment 2 0.269 0.303 +13
experiment 3 0.381 0314 —17
experiment 4 0.298 0.345 +15
experiment § 0.315 0.409 +30

It is clear from the presented data that the logarithm of the
transfer efficiency changes approximately linearly with the
logarithm of the diffusion coefficient of the analyte molecule.
Here, we exploit this relationship to achieve the two-point
calibration of the dual thin-layer cell. To this end, we plot the
logarithm of the transfer efficiency of H, and O, versus the
logarithm of the diffusion coefficient. Extrapolation of the
resulting straight line provides us with a good estimate of the
transfer efficiency of other compounds. Multiplication of the
estimated transfer efficiency with K° (obtained by leakage
calibration) yields the calibration constant K*, which can be
used in combination with eq 1 to transform the signals
measured with the mass spectrometer into a product formation
rate. Since the transfer efficiencies of H, and O, can be
determined readily in most aqueous electrolytes, the outline
method poses a versatile and easy procedure to calibrate the
dual thin-layer cell and should also apply for other flow cells.
Furthermore, the presented results validate the previously
practiced calibration procedure in which the transfer efficiency
is determined for compound A and used as the transfer
efficiency of compound B (provided compounds A and B have
similar diffusion coefﬁcients).‘*’15 It is, however, important to
note that the transfer efficiency is a function of the electrolyte
flow rate.”*’ Hence, it is necessary to conduct the described
two-point calibration method with the same electrolyte flow
rate as the actual electrochemical experiment. This study is
limited to the use of aqueous electrolytes. However, we expect
that the two-point calibration method can be employed when
non-aqueous electrolytes are employed. For instance, oxygen
reduction” and hydrogen oxidation®® might be viable
calibration reactions also in non-aqueous and aprotic electro-
lytes. In studies where the reaction under study is sensitive to
the presence of water, calibration can be conducted after the
actual experiment.

The effort of the described calibration procedure can be
greatly reduced, if DEMS experiments are conducted on a
regular basis: It is not necessary to determine K°(x) of
compound x (with x being hydrogen, oxygen, and the analyte)
for each calibration experiment. Instead, we can determine
K°(x) for all relevant compounds once and make use of
relative sensitivity factors S(x): As outlined by eq 2, the
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sensitivity of the mass spectrometer K°(x) is the product of the
overall sensitivity of the mass spectrometer Kys(t) and a
sensitivity factor S(x), which is a molecule specific
quantity.ls’19

K°(x, t) = S(x)-Kys(t) @)

In eq 2, K°(x, t) and Kjys(t) are functions of time f as their
value typically changes when the filament of the mass
spectrometer ages. Note that dependence of K°(x, t) on the
properties of analyte x is separated into S(x), which is a time-
independent constant for a given mass spectrometer with
constant settings (e.g., insource, extraction). Although it is not
possible to design an experiment that allows us to determine
K3s(t) and S(x), we can make use of eq 2, when we consider
relative sensitivity factors S*(x). That is, we can choose one
sensitivity factor and set its value arbitrarily to 1. Here, we
define the relative sensitivity factor of hydrogen, S*(H,), as 1,
which implies the relationship given in eq 3:

S(H,)-Kys(t)

N (Hz) = KO(HZ, )

3)
All other relative sensitivity factors S(x) can now be
referenced to S{(H,) to obtain relative sensitivity factors
S*(x) via eq 4.
SR(x): S(x) — Ko(x) t)
S(Hy)  K°(Hy t)

(4)

Equation 4 can be employed when K°(H,, t) and K°(x, t)
were determined at the same point in time. That is, it must be
made sure that any differences between K°(H,, t) and K°(x, t)
are not caused by a change of Kjs(f) and only reflects on
differences in the sensitivity factors. From the K° values given
in Table 2, we calculated the relative sensitivity factors that are
given in Table 4. Note that the K° values in Table 1 yield

Table 4. Relative Sensitivity Factors Determined from the
K® Values Given in Table 2

K° [C/mol] SR
H, 100.6 + 6.1 1.00 + 0.06
0, 284.6 + 7.6 2.83 + 0.08
acetone 48 + 4.5 0.48 + 0.04

different relative sensitivity factors, because they were
determined for a different mass spectrometer featuring
different ion source settings than the values given in Table 2.

Once relative sensitivity factors are determined for a mass
spectrometer, they should remain valid for an extended period
of time. In order to determine the calibration constant K*(x)
of an analyte x for a new cell setup of the dual thin-layer cell, it
is then sufficient to determine the K* values of hydrogen and
oxygen. When the same operation as in Figure 10 is conducted
with the K* values divided by the respective sensitivity factor,
we obtain the K* value of acetone divided by its sensitivity
factor. From this, we can recover the K* value of acetone by
multiplication with the relative sensitivity factor of acetone.
Finally, this can be used in eq 1 to quantify the signal of the
mass spectrometer in terms of an electrochemical product
formation rate.
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We showed in this work that the transfer efficiency of the dual
thin-layer cell depends on the diffusion coeflicient of the
analyte molecule. This observation has been used to develop a
procedure that allows us to estimate the transfer efficiency of a
compound based on the transfer efficiencies for H, and O,.
Together with leakage calibration, this poses an easy and
versatile procedure to calibrate the dual thin-layer cell and to
quantify the mass spectroscopic signals in terms of product
formation rates.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00009.

Determination of the diffusion coefficient of CO; ionic
current for mass 28 (M(CO)) when CO-saturated water
is flushed through the dual thin-layer cell; ionic current
for mass 28 when a CO-saturated electrolyte of a
solution containing 0.5 M NaClO, and 10 mM HCIO, is
flushed through the dual thin-layer cell; products of ¢(x)
and K°(x) and the product of g K°(x), c(x), and
D(x)*3; plot of the logarithm of the transfer efficiencies
determined in three distinct experiments for CO, O,,
CO,, and H, versus the logarithm of the diffusion
coefficient (PDF)
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