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In situ electrochemical dissolution of platinum and gold in

organic-based solvent

Primoz Jovanovi¢ @', Vid Simon Selih @', Martin Sala

! and Nejc Hodnik

In situ highly sensitive potential- and time-resolved monitoring of polycrystalline gold and platinum electrochemical dissolution in
pure organic media is reported. This was achieved by successfully upgrading electrochemical flow cell coupled to inductively
coupled plasma mass spectrometry. Similar to the aqueous media, aggressive transient dissolution takes place during oxide
formation and reduction. In contrary to the aqueous electrolyte, both gold and platinum exhibit enhanced anodic compared to the
cathodic oxide-assisted dissolution in organic media. This study intends to highlight the capabilities of the new methodology,
which will expand the studies of metals dissolution to the fields like organic electrocatalysis, corrosion, battery research, and

sensors among others.
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INTRODUCTION

Understanding corrosion of metals is of pivotal importance due to
the enormous abundance of metals in numerous applications. It is
estimated that the corrosion is causing economical loss equal to
~3% of the world’s gross domestic product.’ It is intriguing that
the noble metals were considered as corrosion resistant as they
are used as protective layers against dissolution. Recent studies
have shown that noble metals exhibit aggressive corrosion
behavior. The driving force behind the increased understanding
of noble metal electrochemical dissolution in recent years can
mostly be attributed to the development of novel analytical
approaches and techniques. Mayrhofer's group first introduced
precise in situ dissolution studies of metals by successfully
coupling the so-called scanning flow cell to an inductively
coupled plasma mass spectrometer (ICP-MS). This allowed
monitoring of the extremely low concentrations of dissolved
metal in the downstream electrolyte.™ Effect of temperature,
scan rate, dissolved gases, pH, and impurities was carefully
studied. Further developments of such approaches followed, e.g.,
Xing et al.> used ion exchange chromatography coupled to ICP-MS
to separate and detect Pt species generated by the electro-
dissolution of a Pt electrode. Following a similar concept as the
one in Mayrhofer's group, our group developed the so-called
electrochemical flow cell (EFC), also connected to ICP-MS for
investigation of corrosion of nanoparticulate metallic compo-
sites.®”"" The latest use of ICP-MS analytics in an in situ mode was
reported by Markovic’s group where stationary probe rotating disk
electrode was used to study the electrochemical stability of single
crystal surfaces.'*'®* On the topic of oxygen evolution also,
Schlogl’s group developed the similar methodology.'* Following
in situ electrochemical dissolution of metals even without coupled
techniques (e.g., EFC-ICP-MS) was also shown to be possible by
using the so-called “channel double flow electrode” as reported by
Shrestha et al.'® In spite of large contribution to the under-
standing of noble metal corrosion, these in situ analytics are

limited to only aqueous electrolytes. This should be considered as
a drawback since many relevant environments where metals are
key components, such as capacitors, sensors, electrochemical
reactors, and batteries operate in pure organic or a mixture of
organic and aqueous phases. Furthermore, understanding the
corrosion of noble metals has started to emerge as an important
issue from the perspective of environmentally friendly recycling
strategies,'® where organic solvents show much promise.'”~%° ICP-
MS analysis of organic matrices is not as common as in case of
aqueous matrices and presents a much greater challenge in
tackling instrumental settings and several unusual spectral
interferences.?’ The presence of high levels of organic solvents
increases the vapor pressure of the sample solution, which is
circumvented by cooling the ICP-MS spray chamber to —5 °C. This
lowers the vapor pressure to the extent where stable plasma
operation can be achieved. The other problem of high organic
solvents in sample aerosol is the carbon (soot) deposition on the
sampling cone, which can eventually lead to sampling cone orifice
clogging. This is solved by oxidation reaction of carbon from the
sample with oxygen. Therefore, when working with pure organic
solvents, a small percentage of oxygen is added to the argon
carrier gas. Our newly modified EFC-ICP-MS methodology reveals
never before seen insights of potential-resolved platinum and
gold dissolution in methanol. Dissolution of Pt and Au electrodes
under electrochemical conditions were selected as these metals
can be considered as the representatives of noble metals widely
used in numerous electrochemistry applications. Dissolution of
both metals in an in situ mode has been extensively studied
before—either in the form of a polycrystalline disk?*** or as a
nanoparticulate composite.>®'"%°=2° |t has been shown that
electrochemical dissolution is predominantly a transient phenom-
enon occurring due to the interplay of oxidation and reduction
processes. In the anodic case, metals dissolve due to the formation
of surface/subsurface oxides where oxygen and surface metal
atoms undergo the so-called place exchange mechanism.*° In the
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case of cathodic dissolution, corrosion of metals is ascribed as a
result of surface restructuring and roughening due to the
reduction of oxides.*?*> These processes can be manipulated by
changing the electrochemical treatment (scan rate, anodic, and
cathodic potential window), gas atmosphere, and composition of
aqueous electrolyte.®®#?>3'* For Pt, the main dissolution
mechanism at potentials above 1.2V vs. reversible hydrogen
electrode in an aqueous environment is the cathodic dissolution.”

This report intends to showcase highly sensitive in situ metal
dissolution concentration potential- and time-resolved measure-
ments in 100% organic solvent. We extended the capabilities of
the EFC-ICP-MS to the organic solvents by modifying the
conditions of ICP. Polycrystalline Au and Pt electrodes are shown
to exhibit a change in their dissolution behavior.

RESULTS

Similar dissolution trend as in the previous works in the acidic and
alkaline aqueous electrolytes® is also observed in our case (Fig. 1
and S1.2), namely anodic dissolution (labeled as A) is less intense
as the cathodic one (labeled as C). This is the first report on the
dissolution of Pt in the pH-neutral aqueous electrolyte; 0.1 mol/L
NH4NO3 aqueous solution. The same potentiodynamic experiment
was performed in 0.1 M NH4NO; methanol solution (Fig. 1b).
Interestingly, the trend of Pt dissolution gets reversed with the
anodic part exhibiting higher corrosion. We note that the listed
water (pKa=15.7) and methanol (pKa=15.5) pKa values are
similar. However, the pKa value for water was later shown to be 14
as predicted by thermodynamics.®® By this comparison, pure
methanol is predicted to be less acidic than water. Nevertheless,
both 0.1 M NH4NOs electrolytes exhibit very similar pH conditions,

namely 5.44 for water and 5.23 for methanol. This weak acidity is a
consequence of NH," cation salt with pKa 9.24. Unfortunately, no
clearly resolved Pt dissolution could be observed till the upper
potential limit (UPL) of 2V vs. Ag/AgCl. This could be attributed to
the lower sensitivity of the ICP-MS when methanol is introduced
into plasma. Further experimental conditions and discussion
regarding pH and reference electrode can be found in section
S1 and S3 in Supplementary Information. As in case of Pt, Au
electrochemical dissolution is transient in nature, meaning that it
consists of anodic and cathodic counterparts (Fig. 2 and
5$1.3).2%3%37 Both dissolution counterparts are clearly resolved
when cycling to 1.8V vs. Ag/AgCl in aqueous electrolyte (Fig. 2a).
The anodic dissolution peak (labeled as A) and dominating
cathodic dissolution peak (labeled as C) are observed. As noticed
in the Pt case (Fig. 1b), Au dissolution trend is reversed as well, and
anodic dissolution is predominant in the methanol medium (Fig.
2b and Fig. S2).

DISCUSSION

Two obvious differences are observed when Pt dissolution in
aqueous and methanol based electrolytes are compared. Namely,
(i) the dissolution trend is altered, meaning that anodic dissolution
is dominating over cathodic counterpart in the methanol. And (ii),
the overall dissolution is much more intense in methanol. The
observation under (i) should be explained as follows. As
mentioned above anodic and cathodic dissolution are governed
by (anodic) oxide formation and (cathodic) oxide reduction in
aqueous electrolytes. This process is referred to as the oxide
induced dissolution.® Hence an alteration of dissolution should
be ascribed to any possible interference with the chemistry of
surface oxide formation as in the case of addition of chlorides
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Fig. 1 Pt dissolution profile under potentiodynamic conditions in a

aqueous and b methanol electrolyte (0.1 M NH4NOs) with a scan rate
of 20mVs~". Fourier transformation was used to smooth the raw
ICP-MS signal
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Fig.2 Au dissolution profile under potentiodynamic conditions in a
water-based and b methanol based electrolyte (0.1 M NH4NO3) with
a scan rate of 20 mVs™". Fourier transformation was used to smooth
the raw ICP-MS signal
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where Pt-oxide passivation is retarded.” Since in methanol anodic
dissolution is more intense in comparison to cathodic counterpart,
it is safe to assume that the amount of oxide is rather small (Fig.
2b). This is in line with the fact that in methanol Pt oxidates to a
lesser degree since it is energetically more difficult to separate
oxygen from MeOH then H,O. In addition, the presence of trace
amounts of water should not be neglected since it could affect the
shape of the dissolution profile and partial formation of Pt oxide.3®
The latter will be examined in further studies with an emphasis on
minimizing the amount of water in an organic electrolyte.
Nevertheless, we can safely assume that direct dissolution of Pt
(Pt — Pt?1) is the dominating anodic dissolution mechanism in the
methanol experiment. This is in agreement with observation (ii).
Namely, since the formation of Pt oxide is limited and the
passivation of Pt surface is retarded Pt gets more prone to
dissolution. A similar explanation as before should follow for Au
dissolution trend when the two electrolytes are compared; due to
the much lower amount of surface oxides, Au surface is less
passivated and Au is therefore predominantly dissolving through
direct dissolution mechanism (Au — Au®*). By nature, Au oxide
passivation ability is not as efficient as in the case of Pt, and is
therefore, enabling more direct dissolution at high potentials, i.e.,
oxygen evolution reaction region.?* This is also the reason that
more Au is dissolving compared to Pt. The lower extent of
passivation in methanol explains the enhanced anodic dissolution
for both metals in comparison to the aqueous case.

We report, never before measured, time- and potential-resolved
electrochemical dissolution of Pt and Au in the pure organic
electrolyte and compared it to the well-studied aqueous electro-
lyte. By adapting the ICP-MS experimental setup for organic
matrices, we were able to conclude two facts: (1) Pt and Au exhibit
mostly direct anodic dissolution mechanism and (2) cathodic
oxide-assisted pathway is hindered in organic media. Our
modified EFC-ICP-MS analytical methodology is opening up many
new possibilities for studying in situ corrosion behavior of metals
in organic-based media, which are becoming of high interest in
the fields of batteries, electrosynthesis, electrodeposition, electro-
catalysis, and recycling.

METHODS

The setup in which an EFC is coupled to ICP-MS was already introduced in
our previous publications.®™"" Shortly, a commercial BASi EFC (Cross-Flow
Cell Kit MW-5052) with a homemade silicon gasket of a 1 mm thickness
was coupled to an Agilent 7500ce ICP-MS instrument (Agilent Technolo-
gies, Palo Alto, USA) equipped with a MicroMist glass concentric nebulizer
and a Peltier-cooled Scott-type double-pass quartz spray chamber. A
forward radio frequency power of 1500 W was used with Ar gas flows:
carrier 0.85L per min, makeup 0.28L per min, plasma 1L per min, and
cooling 15 L per min. NH;NO3 aqueous solution of 0.1 mol/L (pH 5.44) was
used as the electrolyte carrier medium. Solutions were pumped at 300 pL
per min using a syringe pump (World Precision Instruments-WPI sp100i).
Platinum and gold polycrystalline disks (d =3 mm) were used as working
electrodes and Ag/AgCl (aqueous) BASi as a reference electrode. The
electrochemical and ICP-MS dissolution signals were synchronized
(Supplementary Information section S1 and Figure S1.1). According to
the threefold signal to noise ratio (S/N), limit of detection was estimated to
be 0.04 p.p.b. (Au) and 0.2 p.p.b. (Pt) for aqueous and 1 p.p.b. for (Au) and
>60 p.p.b. (Pt) for the organic electrolyte. This means our Pt dissolution
signal in organic media is below the limit of detection. Therefore,
quantitative analysis is not possible. However, it can be still used in a
qualitatively way to assess the changes of the dissolution profile features
like clear differences between anodic and cathodic dissolution.

Aqueous electrolyte

Experimental procedure enclosed consecutive cycling from 0.0V to
different UPLs starting at 0.9V and increasing by 0.1V till 1.8V vs. Ag/
AgCl. 20 mV per s was the chosen scan rate. At each potential excursion,
three cycles were recorded.
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Organic electrolyte

In the case of organic matrice, 0.1 M NH4NOs solution in methanol
(CHROMASOLV for high-performance liquid chromatography; Sigma-
Aldrich, CAS: 67-56-1, water content according to Karl Fischer = max.
0.0005%) was chosen as the supporting electrolyte. In comparison to
aqueous electrolyte, several instrumental modifications of the ICP
interphase were done in order to perform the analysis.

Experimental procedure has been performed by consecutive cycling
from 0.0V to different UPLs starting at 0.9V and increasing by 0.1-1.8 V (in
the case of Au) and 2V (in the case of Pt) vs. Ag/AgCl. 20 mV per s was the
chosen scan rate. At each potential excursion, three cycles were recorded.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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