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Observation of CO formed during electrochemical CO2 reduction using Differential Electrochemical Mass Spectrome-
try (DEMS) is complicated by the fragmentation of CO2 in the course of the ionization process. Since much more CO2

than CO enters the vacuum of themass spectrometer, the ion current formass 28 is dominated by the CO+-fragment of
CO2. By reducing the cathode potential of the ion source of the mass spectrometer from−70 V to−27.5 V, fragmen-
tation of CO2 is reduced to a negligible degree. This allows direct observation of electrochemically formed CO bymea-
suring the ionic current for mass 28. We show that this method is superior to matrix calibration in which the ionic
current for mass 44 corrected by the CO+/CO2

+-intensity ratio is subtracted from the ionic current for mass 28.
Using this method, we compare DEMS results for the electrochemical reduction of CO2 at gold electrodes obtained in
two different cells, a conventional DEMS cell with the working electrode sputtered onto themembrane in contact with
the vacuum and aflowcellwhere the interface to the vacuum is separated from theworking electrode.We show that in
the conventional cell at the interface between electrolyte and vacuum, the local CO2 concentration is reduced as the
nearby vacuum interferes with the equilibria of reactions involving gases, and the local pH is increased. Therefore,
in DEMS cells where the working electrode is positioned in the vicinity of the interface, the onset potential for CO2 re-
duction and hydrogen evolution are shifted and the observed faradaic efficiency for CO2 reduction are considerably
reduced compared to literature values. This can be rectified by using flow cells that allow a spatial separation between
vacuum/electrolyte interface and working electrode. We describe how the Dual Thin Layer Cell can be calibrated for
detecting CO, thus allowing quantification of evolved amounts of CO from the ionic current for mass 28.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Electrochemical Mass Spectrometry (EMS) was introduced by
Bruckenstein and Gadde [1] and provides the means to detect (volatile)
products of electrochemical reactions via mass spectroscopy. In their origi-
nal setup, Bruckenstein and Gadde first collected volatile reaction products
through a hydrophobic membrane into a vacuum system for approximately
20 s and then released them for detection into the vacuum of themass spec-
trometer [1,2]. Their setup allowed, for the first time, the quantitative and
in situ detection of volatile reaction products. Although this approach was
able to correlate the faradaic charge in the electrochemical cell to the
ionic charge in the mass spectrometer, the same could not be achieved for
the respective currents.

In the 1980s, EMS was improved by Wolter and Heitbaum to allow
the correlation of faradaic and ionic current [3]. As the current is the dif-
ferential of the charge, the technique introduced by Wolter and
oper).

er B.V. This is an open access
ons.org/licenses/by/4.0/).
Heitbaum was called differential electrochemical mass spectroscopy
(DEMS) [3]. This was achieved by creating a differentially pumped vac-
uum system in which the ion source of the mass spectrometer resided at
a higher pressure than the detector [3]. In this design, the electrochem-
ical cell is attached directly to the vacuum of the mass spectrometer,
which makes it possible to collect volatile reaction products continu-
ously. A porous hydrophobic Teflon membrane forms the interface be-
tween vacuum and electrolyte. Since Wolter and Heitbaum deposited
the working electrode on the membrane, volatile reaction products are
formed in the vicinity of the interface between vacuum and electrolyte
[3]. Therefore volatile reaction products can reach the mass spectrome-
ter with a short time constant.

Although limited to volatile reaction products (but see ref.: [4]),
DEMS has become a powerful tool to elucidate the mechanism of hydro-
genation reactions [5], the oxidation of alcohols [6–8] or the working
principle of metal oxide catalysts [9]. Recently DEMS has also proven
its usefulness for the electrochemical reduction of CO2 as it allows the
online, quantitative detection of a large variety of volatile compounds
in parallel [10–12]. However, detection of CO in the course of CO2-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2020.113842&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.jelechem.2020.113842
m.koper@chem.leidenuniv.nl
http://dx.doi.org/10.1016/j.jelechem.2020.113842
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jelechem


C.J. Bondue, M.T.M. Koper / Journal of Electroanalytical Chemistry 875 (2020) 113842
reduction is still difficult. Due to the equilibrium between CO2 and bi-
carbonate, there is always CO2 in the vicinity of the vacuum/electrolyte
interface that constantly evaporates into the vacuum of the mass spec-
trometer. However, the amount of CO2 entering the mass spectrometer
depends on the pH at the interface, which changes locally when hydro-
gen evolution proceeds parallel to CO2 reduction. This will cause large
shifts in the baseline of the ionic current for mass 44 (CO2-molecular
peak). In addition, due to the fragmentation of CO2 to CO+ in the course
of the ionization process, a high baseline in the ionic current for mass 28
is observed as well. This renders it at least difficult to detect reliably the
evolution of CO. In previous papers, matrix calibration was chosen to
separate the contributions from CO and CO2 to the ionic current for
mass 44 [11,13]. In this approach the ionic current for mass 44 multi-
plied with the fragmentation factor is subtracted from the ionic current
for mass 28, thus yielding the signal due to CO evolution. The drawback
of this approach is the high noise level of the CO2 signal that is trans-
ferred to the extrapolated CO signal.

An alternative is to detect CO via gas chromatography (GC) [14]. With
this approach the evolved gas mixture is collected and after a certain period
separated chromatographically into its different components, which are de-
tected and characterized by various means. This is reminiscent of the EMS
approach, but due to its lower sensitivity GC-measurements usually require
large sample volumes and therefore collection times longer than 20 s. For
that reason GC-measurements are generally long and are unable to capture
rapid changes of product distribution that often occur in the very beginning
of the measurement due to poisoning or other fast transformations of the
electrode surface.

In contrast to GCmeasurements, DEMS-cells in which the working elec-
trode is placed immediately at the electrolyte/vacuum interface allow di-
rect detection of electrochemically evolved volatile reaction products
with a collection efficiency of close to 100% [2,3,15], which however de-
creases to lower values under increased mass transport conditions in the
electrolyte [16]. Due to the high sensitivity of mass spectroscopy, even
minor quantities, for instance the electrochemical desorption of
submonolayers on single crystal surfaces, can be observed [17]. However,
not only products of the electrochemical reaction evaporate at the vac-
uum/electrolyte interface but also the gaseous reactants thus depleting
their concentrations in the vicinity of the working electrode [18]. For the
specific case of CO2 reduction, this means that the CO2/bicarbonate equi-
librium is shifted, which might affect the electrochemical reaction. This
problem can be overcome by utilizing flow cells such as the Dual Thin
Layer Cell in which working electrode and vacuum/electrolyte interface
are separated [2,19].

In the present article we demonstrate (i) how the choice of the DEMS
cell affects the results obtained for CO2 reduction, and (ii) how DEMS can
be used to detect directly the electrochemical formation of CO in the course
of CO2-reduction by adjusting the settings of the ion source.We are going to
show that an unreasonably low faradaic efficiency for CO formation ismea-
sured when the working electrode is placed at the vacuum/electrolyte in-
terface. This is attributed to the effect of the vacuum on local CO2

concentration. By contrast, a faradaic efficiency close to the literature
value is obtained when the dual thin layer cell is employed. By adjusting
the settings of the ion source, fragmentation of CO2 during ionization can
be suppressed and direct observation of electrochemical formed CO via
DEMS becomes possible.

2. Experimental

2.1. DEMS setup

The experiments presented in this article were conducted on a home-
built DEMS system following the design principles outlined by Wolter and
Heitbaum [3]. In our setup the mass spectrometer (Hiquad™ QMA 410,
Pfeiffer Vacuum) is situated in a differentially pumped vacuum chamber.
A sleeve manufactured from PEEK placed around the mass filter and with
a short distance from the ion source separates the vacuum system into
2

two sections. The first section that volatile compounds enter from the elec-
trochemical cell is kept at pressures below 5∙10−2 Pa by a turbomolecular
pump with a pumping speed of 255 L/s (HiPace 300, Pfeiffer Vacuum). A
smaller turbomolecular pump with a pumping speed of 66 L/s (HiPace80,
Pfeiffer Vacuum) keeps the pressure in the second chamber below the oper-
ation limit of the secondary electronmultiplier (SEM) of 10−3 Pa. Themass
spectrometer features a crossbeam ion source and we choose yttriated irid-
ium as material for the filament.

2.2. Leakage calibration

In order to determine the sensitivity of the DEMS-setup we conducted
leakage calibration as outlined previously by Wolter and Heitbaum
[3,15]. To that end we filled a known volume with the gas for which we
sought calibration to a pressure lower than 600 Pa. In order to achieve a
gas-type independent and highly accurate measurement of the pressure
we choose a capacitive gauge (CMR 363, Pfeiffer Vacuum) and recorded
the pressure in the volume as a function of time (PVActiveLine, Pfeiffer Vac-
uum). Through a dosing valve (EVN 116, Pfeiffer Vacuum) the gas was ex-
panded into the vacuum of the mass spectrometer, while recording the
ionic current for the relevant masses in “Multiple Ion Detection Mode” as
function of time.

The decline of the measured pressure corresponds to the amount of gas
molecules leaking from the volume into the vacuum of the mass spectrom-
eter. Applying the gas equation and deriving with respect to time yields the
flowof gasmolecules inmol/s, which decreases over time as the pressure in
the volume decreases. Plotting themeasured ion current as a function of the
flux yields a straight line the slope of which gives the sensitivity of the mass
spectrometer in C/mol. In order to avoid errors due to non-linearity in par-
tial pressure measurements we calibrated under conditions as in the mea-
surement (i.e. with the electrochemical cell attached) and adjusted the
flux to a range similar as expected for electrochemically generated
molecules.

2.3. Electrochemical measurements and cells

For measurements with the electrode sputtered onto the Teflon mem-
brane the “classical” or “conventional” cell was used. The cell was de-
scribed previously by Baltruschat [2]. In this cell setup, a gold film of
50 nm thickness sputtered on a porous Teflon membrane is used as the
working electrode. For mechanical support a steel frit is placed on the vac-
uum side underneath the membrane. On the other side the electrolyte rests
on the membrane in contact with the gold film. Hence, the electrochemical
reactions take place at the interface between electrolyte and vacuum.

The Dual Thin Layer Cell introduced by Jusys and Baltruschat [19] and
described in detail elsewhere [2] was used for those measurements where
the electrode was separated from the vacuum electrolyte interface. The
flow through the Dual Thin Layer Cell was adjusted by a syringe pump
(NE1600, ProSense), which pumped the electrolyte from a storage con-
tainer through the cell.

The reference electrode used for this study was a hydrogen electrode in
a phosphate buffered electrolyte (0.05 M NaH2PO4 and 0.05 M Na2HPO4).
A schematic drawing of how the DEMS cell and reference electrode are
combined can be found elsewhere [20]. Gold wires where used as counter
electrodes. NaClO4 and NaCO3 were purchased from Sigma Aldrich. The
Teflon membrane (Emflon, Pall Cooperation, Lot Number: 139403) used
to create the interface between electrolyte and vacuum had a pore size of
15 nm. The Membrane was removed mechanically from the support.

2.4. Quantification of the ionic current

The following equations are used to determine the partial faradaic cur-
rent (subscript “F”) due to the formation of any species x from the ionic cur-
rent for mass m:

Iion;x mð Þ ¼ �nF;x ∙K�
x mð Þ ¼ �nF;x∙Nx ∙K�

x mð Þ



Fig. 1. DEMS experiment using the classical cell. The working electrode is a thin
gold film (approximately 50 nm) sputter deposited on the Teflon membrane. The
electrolyte is an aqueous solution of 0.9 M NaClO4 and 0.1 M NaHCO3 purged
with CO2. A: faradaic current; B: Ionic current for mass 2 (black curve, left y-
scale) and for mass 32 (red curve, right y-scale); C: Ionic current for mass 28
(black curve, left y-scale) and for mass 44 (red curve, right y-scale). Cathode
potential of ion source: −70 V. Sweep rate: 20 mV/s.
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Iion;x mð Þ ¼ IF;x
zx ∙F

∙Nx∙K�
x mð Þ ð1bÞ

In Eq. (1a), the ionic current (subscript “ion”) for massm and for a given
species x (Iion,x(m)) is proportional to the amount of species x formed elec-
trochemically per unit of time ( �nF;x ). The proportionality constant in
Eq. (1a) is Kx

⊖ and is the product of two factors, NX and Kx
∗(m) [2]. NX is

the transfer efficiency of the cell and gives the fraction of electrochemically
formed species x that enters the vacuum of the mass spectrometer [2]. Kx

∗

(m) is the sensitivity of the mass spectrometric setup to detect species x in
the ionic current for mass m. A number of factors, in particular pumping
speed, fragmentation pattern of species x, the settings and state of the ion
source, enter into Kx

∗(m) [2]. Particularly under the operation conditions
of our DEMS setup the state of the ion source constantly changes and Kx

∗

(m) must be measured for each experiment and for each species individu-
ally. After applying Faraday's law, �nF;x can be replaced in Eq. (1b) by the
partial faradaic current for the formation of species x IF,x divided by
Faraday's constant and the number of electrons transferred during the for-
mation of one molecule of species x (zx).

For the classical cell we can assume that the transfer efficiency is close to
100%, i.e. Nx = 1 [3,15].

2.5. Calibration of the dual thin layer cell

For the Dual Thin Layer Cell we cannot assume that Nx is 100% [2],
hence quantification of the ionic currents measured with this cell requires
a calibration method to determine either Nx or Kx

⊖(m). Since Nx is related
to the concentration profile of species x in the electrolyte [2], it is affected
by both electrolyte flow rate and diffusion coefficient of species x. Further-
more, Nx is affected by the exact geometry of the cell setup that cannot be
reproduced reliably after disassembling the cell. Hence, calibration has to
be conducted for each flow rate, for each species and for each cell setup.
The discussion in the Supporting Information provides a detailed explana-
tion why these factors enter the transfer efficiency.

Calibration of the cell can be achieved relatively easy for hydrogen and
oxygen: In the absence of bicarbonate, that is, in the blank electrolyte of
0.9 M NaClO4 hydrogen evolution proceeds with a faradaic efficiency of
100%. After conducting this type of experiment we were able to determine
KH2
⊖ (2) from the faradaic charge and the ionic charge for mass 2 measured

in the potential region of hydrogen evolution [2]. Without disassembling
the cell it is possible to switch the electrolyte to an aqueous solution of
0.1 M NaHCO3 in 0.9 M NaClO4. Oxygen evolution is not affected by the
presence of bicarbonate and proceeds with a faradaic efficiency of 100%.
Hence, KO2

⊖ (32) can be determined from the faradaic charge and the ionic
charge for mass 32 in the potential region of oxygen evolution [2]. From
KO2
⊖ (32), and from leakage calibration for oxygen yielding KO2

∗ (32), we
can determine NO2. The discussion in the Supporting Information provides
a detailed explanation why calibration cannot be achieved by other means.

Since the diffusion coefficients for O2 (1.98 ∙ 10−5cm2/s) [21] and CO
(2.03 ∙ 10−5cm2/s) [22] are similar in water, we will assume that NCO

equals NO2. A similar assumption has been made before [23]. After leakage
calibration for CO, we can determine KCO

⊖ (28) from NCO and KCO
∗ (28).

Calibration for CO can also be achieved by the bulk oxidation of CO. KCO
∗

(28) is then obtained from the ionic current for mass 28, which will be neg-
ative after baseline correction, and from the faradaic current of the oxida-
tion process. However, this method will only be quantitatively reliable if
the current for CO oxidation on the same material is not convoluted by
other Faradaic processes.

3. Results and discussion

Fig. 1 shows the results of a DEMS experiment conducted with the clas-
sical cell [2] employing a gold sputtered Teflonmembrane as working elec-
trode and an aqueous solution of 0.9 M NaClO4 and 0.1 M NaHCO3.
3

The faradaic current measured in the classical cell is displayed in
Fig. 1A. As the potential passes−0.4 V in the negative going scan, a reduc-
tion process is observed. This is accompanied by the evolution of a signal in
the ionic current for mass 2 (Fig. 1B), indicating the electrochemical forma-
tion of H2. On the other hand an oxidation process at potentials larger 1.8 V
is observed that is paralleled by a signal in the ionic current for mass 32, in-
dicative for the electrochemical evolution of oxygen.

It is evident from the red curve in Fig. 1C that the ionic current for mass
44 decreases significantly (note the unit: μA) parallel to HER and increases
as the potential region of oxygen evolution is entered.While the decreasing
amount of CO2 entering the mass spectrometer parallel to hydrogen evolu-
tion might be due to the electrochemical consumption of CO2 in the course
of CO formation, the increasing ionic current for mass 44 parallel to OER
suggest that another effect is responsible for the observed signals. Given
that HER and OER alter the local pH in the vicinity of the electrode it is nec-
essary to consider the equilibrium between bicarbonate and CO2 in Eq. (2):

HCO−
3 ⇄OH− þ CO2↑ ð2Þ

In the course of hydrogen evolution OH– is produced which shifts the
equilibrium in Eq. (2) to the left side. Hence, in the vicinity of the interface
between vacuum and electrolyte less CO2 is present, and fewer CO2 mole-
cules enter the vacuum of the mass spectrometer. The opposite occurs dur-
ing OER, where the lower local pH value increases the CO2 concentration.
The effect of the local pH on the ionic current formass 44 renders it difficult
to derive any information on the amount of electrochemically reduced CO2.

The black curve in Fig. 1C shows the ionic current for mass 28 that we
measured with a cathode potential of the ion source of the mass spectrom-
eter set to−70 V. It follows the same trend as the ionic current for mass 44.
This is due to the formation of an CO+-fragment during electron impacted
ionization of CO2. Because of the large amounts of CO2 entering the vacuum
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of the mass spectrometer, its CO+-fragment dominates the ionic current for
mass 28. As a result, the ionic current for mass 28 is combined with the
amount of evolved CO as well as with the pH-effect on the local CO2-con-
centration. It is therefore difficult to quantify the amount of CO formed in
the course of CO2 reduction via mass spectroscopy under these conditions.
Previously, matrix calibration was performed in order to separate the con-
tributions of CO and CO2 from each other [11,13]. For the curves in
Fig. 1 we can employ Eq. (3) to eliminate the contribution of CO2 to the
ionic current for mass 28.

ICOion 28ð Þ ¼ Itotion 28ð Þ− f ion ∙Iion 44ð Þ ð3Þ

In Eq. (3) Iiontot (28) is the totalmeasured ionic current formass 28, Iion(44)
is the measured ionic current for mass 44, IionCO(28) is the ionic current for
mass 28 corrected for the contribution of CO2, and fion is the relative inten-
sity of the 28 fragment of CO2 as compared to the intensity of the 44-
fragment. fion can be derived from experiments shown in Fig. 2B, showing
the ionic currents formass 44 and 28, respectively, during a leakage calibra-
tion experiment (see Experimental Section). These currents were measured
while leaking CO2 with the flow rate shown in Fig. 2A into the vacuum of
the mass spectrometer. With a cathode potential of the ion source of
−70 V, fion was determined to be 0.048.

Fig. 3B shows IionCO(28) after applying Eq. (3) to the ionic current for mass
28 and 44 shown in Fig. 1C. For better comparison Fig. 3A also features the
faradaic current already shown in Fig. 1A. The evolution of a signal in the
corrected ionic current for mass 28 indicates the formation of CO. After
leakage calibration for CO, we employed Eq. (1b) to determine the partial
faradaic current due to CO-formation from IionCO(28) in Fig. 3B. Dividing
the partial faradaic current due to CO formation by the faradaic current
yields the faradaic efficiency shown in Fig. 3C as a function of the applied
potential. The 10% faradaic efficiency is quite low compared to values
close to 100% observed in the literature [14]. Since the working electrode
is located in the direct vicinity of the interface between vacuumand electro-
lyte, constant evaporation lowers the local CO2-concentration, resulting in
the low faradaic efficiency for CO formation of 10%. Cells such as the
Fig. 2. Flow rate of CO2 into the vacuum systemof themass spectrometer (A, C) and the io
potential of the ion source was −70 V (B) and−27.5 V (D), respectively. Note the diff
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classical cell in which the working electrode is place in the direct vicinity
of the vacuum/electrolyte interface appear therefore unsuitable to investi-
gate CO2 reduction with DEMS. This observation that the classical DEMS
setup disturbs chemical equilibria in solution involving volatile species,
and may therefore distort measurement results, has been made before in
a study of the reduction of nitrate of platinum electrodes [18].

Notwithstanding this drawback of the classical cell, matrix calibration
appears to be a valid method to separate the CO2-contributions to the
ionic current for mass 28 in order to obtain the signal due to CO formation.
However, Fig. 3B also shows that the corrected ionic current for mass 28
features a rather high noise level, which arises from the high base line of
the ionic current for mass 28 and from the high noise level of the ionic cur-
rent for mass 44 that is transferred via Eq. (3) to IionCO(28). Furthermore, ma-
trix calibration becomes increasingly complicated and prone to errors as
more molecules can contribute to the ionic current for mass 44 (acetalde-
hyde) or the ionic current for mass 28 (ethanol, methanol, ethylene). In
order to observe the evolution of CO in the course of CO2 reduction via
mass spectroscopy it would be desirable to measure the ionic current for
mass 28 without any contribution from other molecules than CO.

Fig. 2D shows the ionic currents for mass 44 and 28, respectively, that
were measured when CO2 was leaked into the vacuum with the flow rate
shown in Fig. 2C. In this measurement, the cathode potential of the ion
source of the mass spectrometer was set to −27.5 V. With a less negative
cathode potential the energy of the emitted electrons and therefore the en-
ergy of the electron impact during the ionization process is reduced. As a
consequence the fragmentation of CO2 becomes negligibly small as evi-
denced by the missing signal in the ionic current for mass 28 when CO2 is
introduced into the vacuum chamber.

Therefore, we conducted the same experiment as that in Fig. 1 but with
the cathode potential of the ion source set to −27.5 V. This was done for
better comparison, despite the observation that the classical cell appears to
be unsuitable for the investigation of CO2 reduction. The black curve in
Fig. 4A shows the faradaic current measured during the experiment. Essen-
tially the same observations as in Fig. 1 are made: At potentials lower
−0.4 V a negative faradaic current and a positive ionic current for mass 2
nic current formass 44 (red) and 28 (black) as a function of time (B, D). The cathode
erent Y-scales for panel B and D.



Fig. 3. Faradaic current as shown in Fig. 1A (A) and the ionic current for mass 28
(B) after correcting for the CO2 signal via Eq. (3) taking into account the
fragmentation pattern as determined from the curve in Fig. 2B. C: Faradaic
efficiency for CO formation.

Fig. 4. DEMS experiment using the classical cell. The working electrode is a thin
gold film (approximately 50 nm) sputter deposited on the Teflon membrane. The
electrolyte is a an aqueous solution of 0.9 M NaClO4 and 0.1 M NaHCO3 purged
with CO2. A: measured faradaic current (black); B: Ionic current for mass 2 (black
curve, left y-scale) and mass 32 (red curve, right y-scale); C: Ionic current for mass
28 (black curve, left y-scale) and mass 44 (red curve, right y-scale). D: Faradaic
efficiency for CO formation as determined from the ionic current for mass 2 and
28. Cathode potential of ion source:−70 V. Sweep rate: 20 mV/s.
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in Fig. 4B is observed. At potentials larger 1.8 V oxygen evolution takes place
as signified by a positive faradaic current in Fig. 4A and a positive ionic cur-
rent formass 32 in Fig. 4B. The overall ionic current formass 2 andmass 32 is
lower than in Fig. 1B. This is due to the lower ionization probability during
electron impact ionization when the energy of the electrons is reduced. How-
ever, a good signal-to-noise ratio is obtained nonetheless. Furthermore, the
shape of the ionic currents follows the trend expected from the faradaic cur-
rent and is not distorted. This shows that stable operation of the ion source is
possible, when the cathode potential is set to −27.5 V.

Also the ionic current formass 44 shows the samebehavior as in Fig. 1C:
parallel to oxygen evolution the ionic current for mass 44 increases and
then decreases parallel to hydrogen evolution. However, different from
Fig. 1C the ionic current for mass 28 does not follow this trend. Since frag-
mentation of CO2 takes place to a negligible degree, the signal in the ionic
current for mass 28 is only due to the electrochemical formation of CO.
While there is no apparent disadvantage to the use of a lower cathode po-
tential (provided themass spectrometer allows these settings), a notable ad-
vantage is the much lower noise level as compared to the curve shown in
Fig. 3B that was obtained via matrix calibration.

In the sameway as for Fig. 3C,we determined the faradaic efficiency for
CO formation from the ionic current for mass 28, as shown in Fig. 4D. The
faradaic efficiency never exceeds 10% confirming that the vacuum changes
the reaction conditions at the location of the working electrode as com-
pared to experiments conducted under ambient conditions [14].

In order to avoid the effect of the nearby vacuum on CO2 reduction in
the classical DEMS cell, we employed the Dual Thin Layer Cell (c.f.
Fig. S1 in the Supporting Information) introduced by Jusys and Baltruschat
[2,19]. The cell consists of two compartments: one compartment in which
the electrochemistry is conducted and another compartment in which the
5

interface between electrolyte and vacuum is created. The compartments
are connected with each other and a constant electrolyte flow transports
the products of the electrochemical reaction from the first compartment
to the second, where they can evaporate into the vacuum of the mass
spectrometer.

Fig. 5A shows the faradaic current obtained at amassive, polycrystalline
gold electrode. Parallel to the oxidation process observed in the CV, in
Fig. 5B a signal evolves in the ionic current for mass 32 as the potential ex-
ceeds 1.9 V. Compared to the results obtained in the classical cell the onset
potential for oxygen evolution is shifted by roughly 0.1 V to higher values.
Also the onset potentials of the reduction process due to hydrogen evolu-
tion and CO2 reduction, as evidenced by the signals in the ionic currents
for mass 2 and 28 (Fig. 5C), are shifted positively by 0.1 V, as compared
to the CVs obtained in the classical cell.

Following the procedure outlined in the experimental part, we deter-
mined KH2

⊖ (2) and KCO
⊖ (28), which allows us to calculate the partial faradaic

current due to hydrogen evolution and CO formation from the respective
ionic currents. The sum of both currents is plotted as a function of potential
in Fig. 5A. In the potential region lower than−0.3 V themeasured faradaic
current and the faradaic current predicted from the ionic current for mass 2
and 28 match each other quite well. This justifies retrospectively the as-
sumption that NCO equals NO2 and validates the method used here to quan-
tify the amounts of evolved CO and H2.

Fig. 5D shows the faradaic efficiency for CO formation, which was cal-
culated from the partial current densities determined from the ionic cur-
rents for mass 2 and 28. At −0.5 V a faradaic efficiency of about 90% is
achieved. The deviation from a faradaic efficiency of 100% reported in pre-
vious studies [14] might be due a different cell geometry with different
mass transport conditions as well as to a lower detection limit for hydrogen
than in our experimental setup.



Fig. 5.DEMS experiment using the Dual Thin Layer Cell. The working electrode is a
massive, polycrystalline gold. The electrolyte is an aqueous solution of 0.9 M
NaClO4 and 0.1 M NaHCO3 purged with CO2. A: measured faradaic current
(black) and faradaic current determined from the ionic current for mass 2 and 28
(magenta); B: Ionic current for mass 2 (red) and mass 32 (blue); C: Ionic current
for mass 28. D: Faradaic efficiency for CO formation as determined from the ionic
current for mass 2 and 28. Cathode potential of ion source: −27.5 V. Sweep rate:
20 mV/s.
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Irrespective of the exact value of the faradaic efficiency for CO2 reduc-
tion, it is obvious that it is an order of magnitude higher than the value de-
termined in the classical cell, and close to the literature value [14]. The
deviation of the faradaic efficiencies for CO formation determined in the
classical cell and the Dual Thin Layer affirms our conclusion that the vac-
uum affects quite significantly the bicarbonate/CO2 equilibrium in the vi-
cinity of the electrolyte/vacuum interface. Furthermore, the 0.1 V shift of
the onset potential observed for the evolution of hydrogen and oxygen in
the Dual Thin Layer Cell compared to the classical cell suggests that the vac-
uum also affects the local pH. In the classical cell the continuous evapora-
tion of CO2 shifts the equilibrium of Eq. (2) in the vicinity of the working
electrode to the right hand side. This does not only reduce the local CO2

concentration but also increases the local concentration of OH−. Thus,
the onset potential for both hydrogen and oxygen evolution is shifted to
higher values compared to an H2/H+-reference electrode at bulk pH.
Hence, if the electrode is deposited on the Teflon membrane as in the clas-
sical cell, CO2 reduction proceeds under significantly different conditions
than expected from the bulk composition of the electrolyte.

4. Conclusion

In this work,we studied CO2 reduction on a gold electrode in two differ-
ent DEMS cells, and introduced a new method for direct quantification of
formed CO using online mass spectrometry. In the classical cell, the work-
ing electrode is directly sputter deposited on the Teflon membrane and is
therefore located in the direct vicinity of the interface between vacuum
and electrolyte. This changes the environment of the working electrode in
two ways: the local concentration of CO2 decreases due to its evaporation
6

and along with it the local pH becomes more alkaline. This results in rather
low faradaic efficiencies for CO2-reduction and in a shift of the onset poten-
tial for hydrogen evolution, CO2 reduction and oxygen evolution. By
employing the Dual Thin Layer Cell we can create a spatial separation of
the working electrode and the vacuum/electrolyte interface, thus, eliminat-
ing the problems observed in the classical cell.

In order to derive quantitative information from the ionic current for
mass 28 on the amounts of formed CO, it is necessary to eliminate the con-
tribution fromCO2 fragmentation. In this workwe have shown that this can
be achieved by reducing the cathode potential of the ion source from
−70 V to −27.5 V, thus avoiding fragmentation of CO2 to CO+ during
the ionization process. This method has the advantage that it comes along
with a much lower noise level than matrix calibration.

Furthermore, we describe in this article a method to calibrate the Dual
Thin Layer Cell for CO:We propose to use oxygen evolution in the bicarbon-
ate containing electrolyte as an internal standard to determine the transfer
efficiency of CO. After leakage calibration for CO we obtain KCO

∗ (28) from
which we can determine together with NCO the value of KCO

⊖ (28). Knowl-
edge of the latter allows quantification of the measured ionic currents for
mass 28. The validity of the method was confirmed by the fact that we
can predict the faradaic current observed during a DEMS-experiment cor-
rectly from the measured ionic currents for mass 2 and mass 28.
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