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Fundamental understanding of electrochemistry in nonaqueous electrolytes is important for applications like
nonaqueous batteries, electroorganic synthesis, CO, reduction, or metal deposition. Studies on electrode stability
contribute to our fundamental understanding and are essential for the evaluation of the overall performance of
electrochemical systems. With this work we introduce a tool to this field aiming to particularly investigate
dissolution of different electrode materials qualitatively and quantitatively in water-free, organic media. The
new approach consists of an electroanalytical flow cell with scanning capability on-line coupled to an inductively

coupled plasma mass spectrometer, all together optimized to harsh organic environments. As a case study to
demonstrate the strength of the method, we have chosen platinum as working electrode. We unveil its dis-
solution behavior in methanol-based organic electrolytes for the first time under controlled atmosphere (glo-
vebox), and demonstrate differences in dissolution mechanism compared to aqueous electrolytes.

1. Introduction

Organic electrolytes have several advantages over aqueous ones,
which are among others the wider electrochemical and temperature
stability window, better solubility of several substances with interesting
electrochemistry or tunable physico-chemical properties through the
use of mixtures. In the past decades, research in this field has been
intensified due to the growing applications of battery technologies like
lithium ion, lithium air, or lithium sulfur batteries, as well as striking
progress in other areas like sensors, capacitors and organic electro-
synthesis [1-4].

Half-cell investigations, like in classical electrochemistry, in air- and
water-free, nonaqueous electrolytes are less common, yet essential for
establishing a fundamental understanding of reaction mechanisms, ac-
tivity parameters, or stability and selectivity. Particularly on-line coupled
analytics to electrochemical flow cells have proven to be crucial in ob-
taining complementary, time-resolved information on reaction products
and dissolution. Differential electrochemical mass spectrometry has been
utilized both in aqueous [5] and organic electrolytes [6] for the analysis
of reaction products in diverse reactions. A series of studies on stability
have been carried out in aqueous systems with sophisticated in situ
methods [7-10]. The coupling of an electrochemical scanning flow cell
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(SFC) with an inductively coupled plasma mass spectrometer (ICP-MS)
has been proven to be a beneficial tool to study dissolution of electrode
materials on-line in aqueous systems in a high through-put mode
[11,12]. Those studies gave valuable insights into the electrode de-
gradation mechanisms and processes [13-15]. In organic electrolytes,
dissolution of metals has only recently been monitored in situ with a
coupled electrochemical technique [16-18]. However, so far both the
sensitivity of detection as well as the completely O,-free operation has
been a major challenge. In this work we present the development of an
electroanalytical flow cell (EFC) — ICP-MS setup for nonaqueous elec-
trolyte systems and demonstrate its capabilities showing Pt dissolution
profiles in a methanol-based electrolyte. Although platinum metal and its
dissolution are well-studied in electrochemistry [19-21], we demonstrate
new aspects of its behavior regarding dissolution mechanisms. With this
work we pave the way for a series of studies focusing on understanding
the stability of electrode materials in organic electrochemical systems
eventually contributing to the development of improved electrode ma-
terials and/or operating conditions.

2. Experimental methods

The development of the EFC — ICP-MS setup for nonaqueous
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Fig. 1. Schematics of the experimental setup showing the electrochemical flow cell coupled to the ICP-MS.

electrolytes will be discussed in detail in the results section. Fig. 1 shows
a representation of the EFC coupled to the ICP-MS. All electrochemical
measurements and sample preparations were carried out in an argon
filled glovebox (MBRAUN) where the levels of water and oxygen were
kept below 1 ppm to prevent contamination of the electrolytes with O,
and H,0. Additionally, the water content of the nonaqueous electrolytes
was determined using a Karl Fischer 917 Coulometer (Metrohm), also
placed in the glovebox. A Biologic VSP 300 potentiostat was used to
perform the electrochemical measurements. Polycrystalline platinum foil
(99.99% MaTecK) served as the working electrode (WE) and was po-
lished with 0.3 um Al,O3; paste on a MD-Mol polishing cloth (Struers)
before each use. The counter electrode (CE), a glassy carbon rod (HTW
Hochtemperatur-Werkstoffe GmbH), was rinsed with acetone, isopropyl
alcohol, ethanol and ultra-pure water (PURELAB flex, Elga), respectively,
prior to use. As reference electrode (RE) a homemade leakage free RE
(cell body purchased from Innovative Instruments, Inc.) with a Ag wire
immersed in 0.1 molL™! tetrabutylammonium perchlorate and
0.01 mol L' AgNO; in methanol were used. The WE, CE and EFC with
fittings and tubing were dried overnight in a VO400 vacuum oven
(Memmert GmbH & Co. KG) at 60 °C. The electrolyte was pumped
through the EFC with a flow rate of 150 pL min~! using a Legato® 100
syringe pump (KD Scientific). The outlet of the EFC was directly con-
nected to a NexION 2000 ICP-MS (PerkinElmer), whereas the internal
standard, 10 ug L~! (NH4)ReO, in water (Certipur®, Merck) dissolved in
ethanol, was added over a Y-piece with the same flow rate via the built-in
peristaltic pump of the ICP-MS (MP2). Ethanol was chosen to introduce
the internal standard flow into the analyte flow because of its lower
toxicity and excellent miscibility with methanol. Water, on the other
hand, was ruled out as internal standard solvent because the miscibility
was not sufficient and no stable analyte signals were obtained. For the
calibration of the instrument H,PtClg in HCl 7% (Certipur®, Merck)
dissolved in electrolyte matrix was used. The cyclic voltammetry (CV)
curves were validated with a classical electrochemical setup, consisting
of an undivided glass cell and electrodes of the same kind as for the flow
cell experiments, for reproducible results.

All chemicals were used as purchased without further purification.
The nonaqueous electrolytes were prepared from LiClO4 (battery grade,
dry, 99.99% trace metals basis, Sigma Aldrich) and methanol (max.
water content 0.003%, SeccoSolv, Merck). The water content of the
prepared solutions measured by Karl-Fischer titration in the glovebox
was 37 ppm.

3. Results and discussion

3.1. Considerations for the development of the electrochemical setup for
nonaqueous electrolytes

The first step towards the development of an electroanalytical flow

cell for nonaqueous systems was choosing the right materials. For
tubing, cell body material and connections polytetrafluoroethylene
(PTFE) and fluorinated ethylene propylene (FEP), polyether ether ke-
tone (PEEK) and perfluoroalkoxy alkane (PFA) were used. The cell was
in-house manufactured in a 60° V-shaped channel design with channel
diameters of 1.6 mm [22]. At the bottom of the cell a milled groove was
added to fit the homemade FFKM flat seal (Kalrez®) that defined the
contact area of the working electrode to be 4.34 mm?.

One of the main differences comparing nonaqueous with aqueous
electrochemistry is the low conductivity. In order to overcome this
issue, the electrodes incorporated into the flow cell had to be positioned
in close proximity to each other. Therefore, the counter electrode was
put in the inlet of the flow cell using a T-piece, which allowed a
minimal distance between CE and WE. The RE was positioned opposite
of the WE in a distance of 2-3 mm to keep the internal resistance as low
as possible (see Fig. 1 for details). For the nonaqueous electrolyte
system used in this study the internal resistance was 340 Q, which was
compensated using manual IR compensation (software 85%).

In order to control the force used to press the cell against the WE,
the flow cell was attached to a force sensor (ME Mef3systeme GmbH).
The cell was positioned on the WE surface using three linear axes
(Physik Instrumente (PI) GmbH & Co. KG) moving the WE to the de-
sired position. This setup also allows scanning of the WE surface, which
has several advantages to traditional flow cells [12]. All devices except
the ICP-MS involved in the measurements were controlled via a
homemade LabVIEW software.

In organic electrochemistry typically used electrolytes consist of
tetraalkylammonium (TAA), lithium, or sodium cations, but others are
also possible depending on the application. The most common anions
are perchlorate, hexafluorophosphate or tetrafluoroborate [23]. The
total dissolved solids (TDS) of the samples for analysis in the ICP-MS
should be kept around 0.2% in order to avoid matrix component de-
position on the cones which might lead to instrument instability and
signal decrease over the course of a measurement [24,25]. For this
study we chose LiClO4 as supporting electrolyte in a concentration of
0.05 mol L.~ ! because of its lower molecular weight compared to TAA
salts.

The choice of the right RE is crucial in nonaqueous electro-
chemistry. Various suggestions have been made, ranging from aqueous
REs for short measurements over quasi REs to real nonaqueous REs that
are filled with the same electrolyte like the measurement setup [26].
We have tested several options. Aqueous REs, claimed to be leakage
free, increased always systematically the water content of the electro-
lytes over time. Quasi REs haven’t been stable over the duration of the
experiments in the flow cell. A homemade RE consisting of a 1/16”
PEEK tube with a leakage-free frit and silver wire immersed in a me-
thanol solution containing tetrabutylammonium perchlorate
(0.1 molL™Y) and AgNO; (0.01 mol L™1) has been proven to be the
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most appropriate RE for the measurements. According to the re-
commendations of IUPAC to report electrode potentials in nonaqueous
electrolytes [27] the homemade RE was calibrated against the ferro-
cene/ferrocenium (Fc/Fct) redox couple and all potentials were re-
ferenced to E vs. Fc/Fct (see Supporting Information for further in-
formation).

3.2. ICP-MS settings for organic samples

ICP-MS is a versatile method for the quantification of trace elements
in different fields of science and industry. However, analysis are mostly
performed in aqueous media [28].

The application of ICP-MS for organic solvents requires major ad-
justments at the instrument. First of all, the higher vapor pressure of
many organic solvents compared to water causes a higher sample up-
take rate into the plasma, leading to unstable plasma performance. A PC
3 Peltier cooler (PerkinElmer) was used to optimize the temperature of
the spray chamber and reduce the sample amount introduced into the
plasma. In order to reduce the sample uptake further, the diameter for
all components of the sample introduction system were reduced. The
high carbon content represents one of the central problems with organic
samples causing soot deposition on the cones, leading to a variation of
the opening of the cones which results in unstable signals or even cone
blockage. This problem is overcome by adding small amounts of oxygen
(5-10%) to the argon carrier gas. The amount of oxygen added has to be
sufficient to prevent soot deposition but has to be limited, in order to
sustain good sensitivity. The addition of oxygen to the carrier gas leads
to more aggressive plasma operation conditions and the traditionally
used Ni cones have to be replaced by more stable Pt cones. For every
organic solvent the operation parameters have to be optimized in-
dividually [29]. The optimized ICP-MS settings for the measurements as
well as information on the calibration of the instrument can be found in
SL

3.3. Dissolution behavior of Pt in 0.05 mol L™ ! LiClO, containing MeOH

3.3.1. The effect of increased upper potential limit on Pt dissolution

The dissolution behavior of Pt in aqueous media has been ex-
tensively studied and there are well established explanations to the
underlying mechanisms [7,19]. Two different potential dependent
mechanisms govern the dissolution of Pt in aqueous media. These are
the anodic dissolution, starting around 0.8 V vs. RHE, and the cathodic
dissolution, characteristic to the Pt-O reduction region. During the
anodic dissolution Pt is directly oxidized to form Pt>* ions, whereas the
mechanism of the cathodic dissolution is somewhat more complex: it
requires the oxidation of the Pt surface first and appears during the
negatively going scan simultaneously with the reduction of the surface
oxide. The oxidation number and form of the dissolved species are still
disputed [30]. In order to study the potential dependence of Pt dis-
solution in organic media, first cyclic voltammograms between —0.5 V
and a changing upper potential limit (UPL) with a scan rate of
10 mV s~ ! were measured. It is clear from ICP-MS data shown in Fig. 2a
that independently of the UPL there is only one peak visible during the
potential cycling, which corresponds to an anodic dissolution. The peak
maxima of the dissolution profile are well aligned with the peak
maxima of the potential curves. There is no peak observed indicating
cathodic dissolution in this methanol-based electrolyte. The observa-
tion suggests that during the decomposition of MeOH (see Figs. S6, S8)
there is no Pt-O formation which could induce passivation of the surface
and hinder the dissolution during the anodic scan. This theory is sup-
ported by Fig. 2b showing the total dissolved amounts (TDA) of Pt per
cycle. The TDA were calculated by integrating the Pt dissolution peaks
and multiplying the results of the integration by the flow rate of the
electrolyte (150 uL min~ ). The dependence of the TDA per cycle on
the upper potential limit can be fitted with an exponential growth
suggesting that a simple charge transfer reaction governs Pt dissolution.

Electrochemistry Communications 114 (2020) 106702

Since the rate of the main electrode reaction, i.e., methanol oxidation
can also be described by an exponential curve, their ratio increases
linearly over the different potential limits (see Fig. 2c). Assuming a two
electron process, the Pt dissolution accounts to ca. 10~ %% of the total
charge transferred during the anodic reactions. This observation con-
trasts the dissolution behavior in aqueous media where the anodic
dissolution of Pt reaches a maximum upon the formation of an oxide
layer. Even though the overall dissolution process is completely dif-
ferent, compared to aqueous solutions, an off-line analysis of samples
taken at the end of each cycle could not reveal the real difference in the
dissolution mechanism of Pt in the two systems. This can only be ob-
served by on-line analysis. The amount of dissolved Pt, however, is si-
milar to that observed in aqueous acidic solutions [15].

3.3.2. The effect of scan rate on Pt dissolution

It has been shown that the scan rate has a significant impact on the
dissolution of Pt [15]. To be able to see this effect in methanol-based
electrolyte cyclic voltammograms with scan rates of 2 mV s~ !,
5mV s~ ', 10mV s~ ', and 20 mV s~ ! were recorded between —0.5 V
and 0.9 V (see SI). Two CVs were measured at each scan rate and the
second cycle of each measurement was used to calculate the TDA of Pt
during the CVs. The TDA vs. scan rate curve shown in Fig. 3 exhibits an
exponential decay with increasing scan rate, from 5.1 ng cm ™2 cycle ™!
to 0.3 ng cm ™2 cycle ™! (for fitting parameters see SI). Similar findings
have been reported for the scan rate dependence in aqueous media
[15]. However, if the TDA is normalized by time (see Fig. 3 inset), a
very similar trend can be observed, which is opposite to the results
obtained in aqueous electrolytes. In methanol-based electrolyte the
TDA per second monotonically declines with increasing scan rate, even
though the amounts are very similar for 2 mV s™' and 20 mV s~ !
(3.8 pg ecm 257! and 2.2 pg em™? s, respectively). The opposite
dissolution behavior can be explained by the absence of cathodic dis-
solution and the fact that the extent of anodic dissolution increases with
the duration of anodic polarization, i.e. with decreasing scan rates. In
aqueous media, however, at lower scan rates the potential is kept in the
oxide formation region longer causing less anodic but more cathodic
dissolution. Whereas during fast cycling less Pt-O is formed, therefore
the anodic dissolution is faster and the cathodic dissolution is limited by
the lower amount of the formed oxide.

3.3.3. The effect of CA duration on Pt dissolution

In organic electrosynthesis Pt is a widely applied electrode material
due to its stability and inertness. The experiments are most commonly
conducted at constant current or constant potential. An experiment was
performed to investigate the stability of Pt under such conditions.
Therefore, the potential of the working electrode was kept constant for
different times at 700 mV, 800 mV and 900 mV (see SI). The TDA was
calculated as well as the charge consumed when Pt is dissolved, using
Faraday’s law and assuming a two electron process. All step potential
experiments show a monotonic increase with the duration of the po-
tential step (see Fig. 4) reaching the highest dissolved amount at
900 mV applied for 120 s with 5.1 ng cm ™2 This corresponds to 1.2%
of a monolayer of Pt, assuming the surface concentration of Pt atoms to
be 1.37 x 10'® em ™2 By the extrapolation of the fitted linear and
assuming a 10 cm? big electrode 1.5 g of platinum loss on the working
electrode is to be expected during a 1 h chronoamperometric mea-
surement. Another interesting observation is the increasing slope of
TDA with step duration (tg) from 700 mV to 900 mV, which is im-
portant to keep in mind when performing a reaction at constant po-
tential. The mass loss of the electrode is rather negligible (in case of the
10 cm? electrode with a thickness of 50 pm, it is 0.007% per hour).
However, the dissolved metal ions may catalyze homogeneous reactions
in the bulk phase, contaminate the product of synthesis or by deposition
on the counter electrode influence the counter reactions.

The charge, accounted for the dissolution of Pt is ca. 10~ %% of the
total charge passed through the electrodes and increases with
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increasing potential. The charge fraction of Pt dissolution is almost
constant at 700 mV independent of the step duration and slightly de-
creases at higher potentials with the step duration. This could be due to
the residual water in the solution (ca. 37 ppm) slowly diffusing to the
surface of the working electrode, reacting with Pt and forming Pt-O
species, which hinder anodic dissolution. This amount is, however, so

small, that cathodic dissolution is not detectable. The influence of water
impurities on the dissolution of Pt goes beyond this manuscript and is
the subject of future studies.

4. Conclusion

In this work we primarily showed the development and capabilities
of an EFC operated in a glovebox and coupled to an ICP-MS for non-
aqueous electrolytes on the example of Pt metal. We demonstrated that
— contrary to aqueous electrolytes — in LiClO4 containing methanol-
based electrolyte Pt only exhibits one type of dissolution, which is the
anodic one. During a scan rate study, it was revealed that the amount of
dissolved Pt increases exponentially with decreasing scan rate, re-
gardless whether the dissolved amount is normalized to cycles or time.
Furthermore, we pointed out, that due to the lack of formation of a
protecting oxide layer, Pt is constantly dissolving at high enough anodic
potentials; a typical case during experiments in electroorganic synth-
esis. The influence of trace amounts of water and other impurities on
the dissolution of platinum will be subject of following studies. This
novel method can be applied in the future to study the stability of
different systems, like nonaqueous batteries or catalysts used in the
electroorganic synthesis.
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