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ABSTRACT: Electrochemical stability of a commercial Au/C before after n 't‘. 9
degradation 4 :

catalyst in an acidic electrolyte has been investigated by an
accelerated stress test (AST), which consisted of 10,000
voltammetric scans (1 V/s) in the potential range between 0.58
and 1.41 Vg Loss of Au electrochemical surface area (ESA)
during the AST pointed out to the degradation of Au/C. Coupling
of an electrochemical flow cell with ICP-MS showed that only a
minor amount of gold is dissolved despite the substantial loss of
gold ESA during the AST (~35% of initial value remains at the end
of the AST). According to the electrochemical mass spectrometry experiments, carbon corrosion occurs during the AST but to a
minor extent. By using identical location scanning electron microscopy and identical location transmission electron microscopy, it
was possible to discern that the dissolution of small Au particles (<5 nm) within the polydisperse Au/C sample is the main
degradation mechanism. The mass of such particles gives only a minor contribution to the overall Au mass of the polydisperse
sample while giving a major contribution to the overall ESA, which explains a significant loss of ESA and minor loss of mass during
the AST. The addition of low amounts of chloride anions (10~* M) substantially promoted the degradation of gold nanoparticles. At
an even higher concentration of chlorides (107> M), the dissolution of gold was rather effective, which is useful from the recycling
point of view when rapid leaching of gold is desirable.
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1. INTRODUCTION such as particle size growth, dissolution, Ostwald ripening,
detachment of the particles, and loss of the electrical
contact.”***" It has also been pointed out that Pt is
particularly sensitive to the transition between the oxidized
and reduced state of the surface (which corresponds to the
start/stop conditions in fuel cells) rather than to the
potentiostatic exposure to high potentials.

Since gold is also widely used in electrochemical
applications,” the electrochemical dissolution of bulk gold
electrodes is of great interest. Recently, this issue has been
studied in detail by Cherevko and colleagues.””™>® It was
shown that like Pt, bulk Au also dissolves via a transient
dissolution mechanism up to an upper potential limit (UPL) of
~1.60 Vyyg, while direct anodic dissolution starts to prevail as
the main dissolution pathway at UPLs above 1.60 Vpyg.
Surprisingly, only a few studies have been conducted to test the
electrochemical stability of the Au NPs.”” > Few of these
works have focused on showing that the structures consisting

Noble metals are irreplaceable for a variety of applications in
advanced technologies due to their unique properties, such as
high melting point, excellent electrical conductivity, good
catalytic activity, high corrosion resistance, and biomedical
compatibility. In electrochemical energy storage and con-
version devices, as well as in electrochemical synthesis, noble
metals are widely used catalysts in the form of nanoparticles
(NPs) dispersed on high area carbon supports. For example, Pt
NPs are a state-of-the-art catalyst for several reactions, such as
oxygen reduction and hydrogen oxidation/evolution;' ™ Ir-
oxide and Ru-oxide are the best catalysts for oxygen
evolution,”® while Au is used for electrochemical CO,
reduction®™® and H,0, production through selective 2e”
oxygen reduction reaction.” "> Besides activity, a suitable
catalyst must provide long term durability and stable running
of the given electrochemical process to fulfill the basic
demands for commercial applicability, so it is necessary to
understand electrochemically induced dissolution and other
structural changes of noble metals. Widespread usage of Pt in Received: November 6, 2020
electrocatalysis has led to a well-studied electrochemical Revised:  December 28, 2020
dissolution of bulk Pt electrodes'”™"® and carbon-supported Published: January 6, 2021

Pt NPs.'**! These studies showed that degradation and hence

the loss of electrochemical surface area (ESA) of Pt catalysts is

a complex process that can proceed via several mechanisms,
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of a capping-agent stabilized Au particles or Au NPs attached
to tether layers covalently bonded to a conductive substrate are
stable in a similar potential window as bulk gold electrodes, but
there was no information about the intrinsic electrochemical
stability of Au NPs.””** Jovanovi¢ et al. pointed out that the
dissolution mechanism of bulk and nanoparticulate Au samples
can differ due to different structures of the electrode/
electrolyte layer and that NPs can exhibit even higher
corrosion resistance than the bulk counterpart.”” In a study
conducted by Steven et al., the stability of carbon-supported
Au NPs with a narrow size range between 0.8 and 4.5 nm was
probed by 100 voltammetric scans in 0.5 M H,SO, in the
potential range between 0 and 1.35 V (vs Ag/AgCl) ,*° which is
the potential range commonly used for the cleaning or
activation of gold electrodes. The stability of gold NPs was
found to be size-dependent, as a loss of gold ESA was observed
for samples containing smaller particles (below 3 nm) but not
for larger ones (4.5 nm). Growth of the particles has been
observed upon cycling, which means that under the conditions
applied in this work, the dissolution of gold followed by
redeposition onto the existing gold particles (ie. Ostwald
ripening) was the main degradation mechanism.*’

The accelerated stress test (AST) is adopted as an expedient
method to screen the stability of electrocatalysts deposited in
the form of thin films on rotating disc electrodes (RDEs).
Since Pt NPs are used as catalysts in fuel cells, different AST's
have been performed by potentiostatic or potentiodynamic
treatment with continuous monitoring of the decrease in the
ESA.'®'?173% ESA monitoring provides information about the
loss of catalyst activity due to the loss of the effective metallic
surface area, but it does not reveal the nature of the underlying
degradation mechanism(s). A deeper insight into different
degradation mechanisms requires the use of advanced
characterization techniques, such as identical location scanning
electron microscopy (IL-SEM),"®'? identical location trans-
mission electron microscogy (IL—TEM),M’”’M’35 on-line
monitoring of dissolution,%"7 and gas evolution.***? In the
case of Pt catalysts, it has been shown that degradation can
occur through several mechanisms that can take place
concurrently, including particle detachment, a dissolution
that can be followed by redeposition on the existing larger
particles (i.e. Ostwald ripening), coalescence, and carbon
corrosion.””** Interestingly, in the case of Au NPs, there is a
lack of AST in the literature even though Au NPs are widely
used in electrocatalysis.””'* They can also be applicable in fuel
cells since the addition of gold increases the stability of Pt
during oxygen reduction.”””*' With that in mind, the AST
performed solely for Au NPs would provide a benchmark and
shed some light on their long-term stability and possible usage
as durable electrocatalysts, for instance, for hydrogen peroxide
production or carbon dioxide reduction.®”"

In this work, we present an in-depth study of the stability of
commercial carbon-supported polydisperse gold NPs by
subjecting them to AST consisting of 10,000 fast voltammetric
scans in the 0.05 M H,SO, electrolyte in the potential range
between 0.58 and 1.41 V versus the RHE. At a UPL of 1.41
Viup gold oxidation takes place, while a lower potential limit
(LPL) of 0.58 Vg provides a full reduction of the previously
formed gold oxide. The first reason for choosing this particular
UPL is the fact that a similar UPL of around 1.40 Vg has
been commonly used when testin§ the electrochemical stability
and degradation of Pt catalysts'®"” since similar potentials can
be reached in fuel cells during start-up/shut down events. The
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second reason is that the understanding of the stability of gold
samples in electrochemical environments with an UPL close to
1.40 Vg has a potential application for the (electro)chemical
recycling of gold. Namely, Hodnik and colleagues have used
accumulated knowledge about Pt (in)stability to develop a
green electrochemical method for Pt recycling.*” Transient Pt
dissolution was induced by repetitive switching between
oxidative and reductive potentials on the Pt surface by the
alternative exposure to oxidative and reductive gasses,
respectively. In this way, transient Pt dissolution was mimicked
without the use of an external potential controlling device.
Moreover, Pt dissolution was achieved with high leaching
yields under quite mild conditions with respect to the currently
used pyro- or hydrometallurgical processes. Therefore, it would
be appealing to extend this promising approach based on gas-
induced transient dissolution for recycling of Au as well. Our
preliminary results have shown that an open circuit potential of
1.41 Vgyg has been established when gold NPs were exposed
to ozone-saturated 0.05 M H,SO,, and therefore, using this
UPL will also provide the first insights about the viability of the
approach developed by Hodnik"* for recycling of gold.
Chloride ions are a common impurity in electrochemical
environments that can cause accelerated degradation of the
catalysts,”>*” which is certainly undesirable in energy storage
and conversion devices. On the other hand, accelerated
dissolution of gold in the presence of chlorides is necessary
for recycling procedures, as described for Pt in ref 42.
Therefore, performing the AST with an UPL of 1.41 Vg in
the electrolyte with and without the presence of chloride ions
provides an insight into the stability and degradation
mechanisms of the Au NPs in the presence of impurities,
while also testing if the approach by Hodnik and colleagues*
could be beneficial for recycling of gold. An essential tool for
studying Au dissolution is analyzing its concentration in a
constant flow of electrolyte through an electrochemical flow
cell (EFC) coupled with an ICP-MS detector (EFC-ICP-
MS).**** Using the EFC-ICP-MS setup, the dissolution
mechanism of the gold NPs will be assessed as well as the
influence of the chlorides on the degradation of the gold
catalyst. The electrochemical mass spectrometry (EC-MS)
setup is a powerful tool for studying gas evolution during
electrochemical reactions, which will show if carbon corrosion
contributes to the overall degradation of the Au/C catalyst
during the AST. To unambiguously unravel the degradation
mechanism responsible for the loss of gold ESA observed
during the AST, sequential IL-SEM imaging was performed
both in the presence and in the absence of chlorides, while IL-
TEM imaging was performed before and after AST in the neat
0.05 M H,SO, electrolyte.

2. METHODS

Commercial Au/C NPs supported on Vulcan XC-72 (Fuel
Cell Store) with 20% gold on carbon were used for
degradation studies. A catalyst ink was prepared by mixing S
mg of Au/C powder with 3 mL of a solvent consisting of Milli-
Q water (25 vol %), isopropanol (75 vol %), and 50 uL of
Nafion. Glassy carbon (GC) discs (HTW, S mm diameter) in
a poly(tetrafluoroethylene) shroud were used as working
RDEs. They were prepared by hand-polishing using 0.05 ym
alumina paste followed by sonication in Milli-Q water to
remove alumina residues. To prepare reproducible and
homogeneous thin films, a RDE was mounted on a reversed
rotator and 20 uL of the catalyst ink was dropcast on the GC
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disc. Then, the rotation was slowly increased up to 700 rpm
and left for 30 min until the films have dried.

Electrochemical measurements were conducted in a three-
electrode setup, with an Au/C-modified GC electrode, double
junction Ag/AgCl electrode, and a graphite rod as the working,
reference, and counter electrodes, respectively. Using a double
junction Ag/AgCl reference electrode minimized the possi-
bility of electrolyte contamination by leakage of chlorides,
which was especially important for long AST measurements.
All the potentials in this work are referred versus the RHE. The
graphite counter electrode was placed in a separate compart-
ment to exclude the possibility of deposition of the dissolved
Au particles from the working electrode during the AST.
Before each measurement, the glass electrochemical cell was
boiled in deionized water for at least 1 h to ensure clean
conditions. Electrochemical measurements were conducted in
a 0.05 M H,SO, electrolyte prepared from Suprapur sulfuric
acid (Merck) and diluted by Milli-Q water. Before AST, Au/C
films were electrochemically activated by 20 voltammetric
scans (100 mV/s) in the potential range between —0.02 and
1.63 Vpy in a 0.05 M H,SO, electrolyte, which provided a
stable voltammetric response as the baseline for degradation
studies. After activation, the AST was applied, consisting of
10,000 fast scans (1 V/s) in the potential range between 0.58
and 1.41 Vyyg. At the beginning of the AST and after every set
of 500 scans during the AST, two slower cyclic voltammo-
grams (CVs) with a scan rate of 100 mV/s were recorded with
a higher UPL of 1.58 Vg in order to follow the loss of the
ESA by integrating the more developed Au-oxide reduction
peak. In the case of the 0.05 M H,SO, + 107* M CI”
electrolyte, CVs for tracking ESA were collected in the same
electrolyte since such concentration of chlorides does not
significantly influence Au oxidation/reduction processes as the
values within the calculation error were obtained with respect
to the chloride-free electrolyte. However, when the concen-
tration of chlorides was set to 107> M, CVs for gold ESA
tracking were recorded in the chloride-free electrolyte due to a
large suppression of gold oxidation/reduction in the presence
of an increased amount of CI”. We note that in all cases,
recording of 42 CVs with a higher UPL for the sake of ESA
monitoring may lead to some additional dissolution of Au NPs,
but this contribution is likely negligible with respect to the
10,000 fast scans applied in the AST procedure. The ASTs
were conducted in 0.05 M H,SO, without and with the
presence of 10~* and 107> M chlorides, which were introduced
in the electrolyte through the addition of the appropriate
amounts of HCI (analytical grade, Merck). In all cases, the
electrolyte volume was kept constant at 70 mL. During the
activation and AST, the working electrode was rotated at 1600
rpm. Activation and ASTs were performed on a Nordic ECi
211 potentiostat (Nordic Electrochemistry) with no Ohmic
drop compensation and a potential step of 1 mV.

The X-ray diffraction (XRD) analysis was carried out with a
Siemens DS000 instrument with a Cu Kal radiation (1 =
1.5406 A) in the 20 range from 10 to 60° with a 0.04° step per
1 s. IL-SEM experiments were performed on a field-emission
scanning electron microscope (Supra 35 VP, Carl Zeiss,
Germany). A GC RDE with a catalyst film was mounted
directly onto the SEM stage with a special home-made holder
and imaged on the same locations before, during, and at the
end of the AST. Characterization of Au NPs and tracking of
the AST-induced changes were performed also by scanning
transmission electron microscopy (STEM) imaging (JEOL
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JEM-ARM200CF Ltd., Tokyo, Japan) operated at 80 kV. IL-
TEM imaging was performed on a gold TEM finder grid
coated with the Au/C catalyst film (200 mesh Plano GmbH).
5 uL of the catalyst ink was deposited on a TEM grid and dried
under ambient conditions. In this experiment, the working
electrode consisted of a TEM grid, coated with the sample,
mounted onto a GC RDE, and tightened against it with a
special home-made Teflon cap to ensure good contact. The
AST was then performed under the same conditions and in the
same setup as described above. The grid was imaged by TEM
on the same locations before and at the end of the AST in the
neat 0.05 M H,SO,.

The EFC-ICP-MS system for dissolved metal analysis was
made of an EFC that was connected to an ICP-MS instrument
(Agilent 7500ce, Agilent Technologies), as described in detail
in our previous works.””**** ICP-MS was equipped with a
MicroMist glass concentric nebulizer and a Peltier cooled
Scott-type double-pass quartz spray chamber. The forward
radio frequency power was set to 1500 W, and the Ar gas flows
were as follows: carrier, 0.85 L/min; makeup, 0.28 L/min;
plasma, 1 L/min; and cooling, 15 L/min. The standardization
curve was determined based on the standard solutions
containing 1, 2, 5, 10, 20, 50, and 100 ppb of Au. The EFC
was custom-made from polyether ether ketone (PEEK) based
on a design of a commercial cell (cross-flow cell, BASi). The
electrolyte flew in the direction from the counter electrode to
the working electrode at a constant flow of 400 yL/min with a
mechanic syringe pump. A 1.0 mm thick homemade silicon
gasket with an oval-shaped opening of 1.5 cm? was set the cell
volume. GC discs (3 mm diameter) embedded into the PEEK
material (ALS dual-type electrode for cross-flow cell, 25 X 25
mm?”) were used as the working and counter electrode. They
were polished with a 0.05 ym ALO; polishing paste and
cleaned in Milli-Q in an ultrasonic bath. The catalyst ink (S
uL) was deposited on one of the GC disks and dried under
ambient conditions, partially covered to slow down solvent
evaporation for better film quality and to prevent deposition of
impurities. An Ag/AgCl reference electrode with a ceramic frit
(MW-2030, BASi) was used to complete the standard three-
electrode setup, and its potential was determined versus a
RHE. A BioLogic SP-200 potentiostat was used for electro-
chemical experiments with a 1 mA current range, 160 kHz
bandwidth, and no Ohmic drop compensation.

To test for carbon support oxidation, CO, release was
monitored in an electrochemical mass spectrometry (EC-MS)
setup (Spectrolnlets), as described in detail elsewhere.**
Briefly, the material (S uL of the ink) was deposited on a GC
disk (Pine, S mm diameter) and positioned in parallel to a
porous interface to a mass spectrometer at a distance of 100
pum. All the electrochemically produced volatile species could
thus diffuse through the layer of the electrolyte and then be
analyzed by the MS as a function of applied potential. The
electrochemical cell, assembled on the chip, was a standard
three-electrode cell. An Ag/AgCl reference and a graphite rod
counter electrode were used and connected to an SP-300
potentiostat (BioLogic). The experiments were performed
without Ohmic drop compensation and with the bandwidth
factor set to 1 in the current range of 100 pA.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Au/C Catalyst. The
commercial catalyst used in this work was a 20% Au/C
catalyst purchased from the Fuel Cell Store. Before proceeding
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Figure 1. (a) XRD pattern of the Au/C catalyst powder; (b) TEM image of the Au/C catalyst; (c) PSD obtained by taking into account 460
particles from 14 TEM images; (d) SEM image of the Au/C catalyst film deposited on GC RDE.

to the stability studies, the catalyst had been thoroughly
characterized, as depicted in Figure 1. The XRD pattern of the
Au/C powder (Figure 1a) contains diffraction peaks at 38.2
and 44.4° related to the (111) and (200) reflections of the face
centered cubic Au phase with a Fm3m space group (JCPDS
00-001-1172). Figure 1b shows a TEM image of the pristine
Au/C sample, where one can see spherical Au NPs that are
well-distributed over the carbon support, polydisperse in size,
and mainly much smaller than 20—30 nm, that is, the reported
average size by the manufacturer. The corresponding particle
size distribution (PSD) (Figure 1c) shows that the majority of
particle diameters are smaller than 10 nm (around 90%), while
only a minor share of the particles is larger than 20 nm. On
some investigated locations, notably larger Au particles and
agglomerates were observed (up to 100 nm, Figure S1) but
due to their very low number and large size (as compared to
the size of the investigated sample area), it is impossible to
include them in the PSD in a way that would reliably reflect
the composition of the sample. For that reason, only particles
smaller than 30 nm were included in the PSD analysis,
although the presence of large particles and aggregates should
not be overlooked when interpreting the dissolution behavior.
SEM imaging given in Figure 1d was performed on a thin
catalyst film dried on a GC RDE. Expectedly, it shows similar
features to those observed by TEM (Figure 1b). In accordance
with TEM imaging, some larger particles and agglomerates
were observed in different locations randomly across the
sample. While polydispersity of the particle sizes makes any
stability behavior more difficult to interpret, it is precisely the
degradation of such realistic materials that needs to be studied
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for a better understanding of practical systems where
degradation of Au NPs of different sizes occurs simultaneously.

Before evaluating their electrochemical properties, both bulk
gold electrodes as well as Au/C catalyst films are subjected to a
so-called activation protocol in order to achieve a stable
voltammetric response. The activation consists of cycling in an
appropriate potential range to remove any possible surface
impurities and/or left-overs from the synthesis and to allow full
wetting of the catalyst layer. Bulk gold electrodes are usually
pretreated by cycling up to the potential region of gold
oxidation with the UPL close to the Burshtein minimum,
which is just before the onset of oxygen evolution (~1.70
Viue)--2>* Since at such high potentials, gold undergoes
dissolution,”** the Au/C catalyst film must be activated in
such a way that a stable electrochemical response is achieved
without changing the properties of gold NPs and corroding the
catalyst, which is pointed out in the work of Steven and
colleagues.” Several protocols were tested for the activation in
0.05 M H,SO,, and the UPL of 1.63 Vyyy; was found to be the
optimal choice for our case since a stable voltammetric
response was reached after merely 20 CV scans (at 100 mV/s).
Even though this particular UPL does not match the potential
at which a full monolayer of gold oxide is formed (which is
necessary for an accurate ESA determination), the integrated
oxide reduction charge can be correlated with the trend of the
evolution of Au ESA during activation. Figure 2 presents the
first, tenth, and the last (20th) voltammetric scan during the
activation of the Au/C catalyst. All the features of gold are
clearly visible on the voltammograms, including the double-
layer region followed by the gold oxide formation, which
commences at ~1.30 Vg, and its counterpart in the backward

https://dx.doi.org/10.1021/acs.jpcc.0c10033
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Figure 2. Activation of the Au/C films by 20 voltammetric scans (100
mV/s) in 0.05 M H,SO, in the potential range between —0.02 and
1.63 Vg The potential window used for the AST is indicated in the
graph.

scan corresponding to gold oxide reduction in the potential
region between ~1.35 and ~0.9 V. The charge due to gold
oxide reduction initially increases, then slightly fluctuates, and
finally reaches a stable value (see Figure S2). The increase of
the ESA of gold NPs has been shown to originate mainly from
the improved wetting of the catalyst layer, while further minor
fluctuations can come from the restructuring of gold NPs.*’
The difference between the final stable value and the highest
observed value for the gold oxide reduction charge during
activation (which was not reproducible) is around 3.5%, while
the difference between the initial and the final value is almost
10%. A stable response was also achieved in the EFC-ICP-MS
setup using a similar (0.28 to 1.58 Vyyg, 20 cycles, 100 mV/s)
activation protocol.

We found that within 20 cycles, the dissolution profile
stabilized and that about 0.35 + 0.05% of the total Au mass
(average of four experiments) was dissolved during the
activation protocol. It is important to note that the selected
activation procedure is far less aggressive than the cleanin%
procedures commonly used in the literature for bulk gold*>**
and that it contains fewer cycles than those used in the study of
Steven et al,’® where the growth of small Au NPs (up to 4.5
nm) was only observed after 100 voltammetric scans in a
similar potential range. While some material stress is
unavoidable, activation-induced changes in the catalyst
structure and its dissolution can be regarded as minimal, and
more importantly, controllable and reproducible. The applied
activation appears to be a suitable and quick pathway to reach
a reproducible state as the baseline for the degradation studies.

3.2. Accelerated Stress Test. The AST protocol applied
to study the Au/C degradation included 10,000 fast scans (1
V/s) in the potential region between 0.58 and 1.41 Vi The
selected potential limits for AST are indicated in Figure 2. It
can be seen that gold oxidation occurs at UPL of 1.41 Vi but
without going deep into the bulk of the phase, while in the
backward scan an LPL of 0.58 Vyy;; ensures a full reduction of
the formed gold oxide. According to the works by Cherevko
and colleagues, the onset of the dissolution of gold from bulk
electrodes coincides with the onset of surface oxidation, which
takes place at ~1.30 Vyyp.”> >° Up to a UPL of around 1.60
Viup the dissolution of bulk gold electrodes occurs mainly
during the reduction of gold oxide. Therefore, the potential
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limits applied for the AST are expected to lead to the transient
dissolution of Au/C NPs.

The degradation-induced changes were monitored in two
ways: first by following the loss of the gold surface through the
ESA in an RDE setup and second by recording the mass of
dissolved gold in the electrolyte in the flow cell system. While
the loss of the gold surface is of paramount importance in an
electrocatalytic application, the dissolution process is more
important from the perspective of gold dissolution for
recycling applications. Figure 3 presents the results of the
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Figure 3. AST for the Au/C catalyst conducted in 0.05 M H,SO,,
0.05 M H,SO, + 107* M CI” and 0.0 M H,SO, + 107> M CI". The
AST included 10,000 scans at 1 V/s in the potential window between
0.58 and 1.41 Vyyg.

AST for carbon-supported Au NPs obtained in the RDE setup
in acidic media expressed as the loss of the gold oxide
reduction charge (which correlates with the loss of ESA), while
representative sets of voltammograms used for tracking of the
gold ESA decay taken during ASTSs are given in Figure S3. It
can be seen that significant degradation of carbon-supported
Au NPs occurs both in the presence and in the absence of
chloride ions.

In the neat 0.05 M H,SO, electrolyte, the charge
corresponding to the reduction of gold oxide is gradually
decreasing and at the end of the AST, it drops down to ~35%
of the initial value. As expected, in the presence of 10™* M
chloride anions, this loss is more pronounced and drops down
to ~20% of the initial value. With a further increase of the
concentration of chlorides to 107> M, a significant decay of the
gold response is obtained at the very beginning of the AST as
only 15% of the gold oxide reduction charge remains after the
first 500 scans. This value rapidly drops down to below 1%
after 4000 cycles, making further visualization and quantifica-
tion of gold features practically impossible.

Over the first 500 fast scans in the neat 0.05 M H,SO,, a
significant loss of the Au ESA of around 22% is observed,
which could be surprising when taking into account that a UPL
of 1.41 Vgyg is not particularly a high anodic potential limit.
Loss of the gold oxide reduction charge during the AST could
in principle originate either from the degradation of the
catalysts or from some other mechanism of apparent surface
loss (i.e. poisoning by the impurities). Such a fast initial loss of
the ESA could suggest that the poisoning of the catalyst may
occur concurrently with the degradation. Although this seems
unlikely due to the clean conditions during activation, in order
to rule out this possibility, S00 fast scans were performed up to
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Figure 4. Au dissolution as a function of the applied electrochemical protocol in the EFC-ICP-MS system in 0.05 M H,SO,. (a) applied potential
protocol: activation (20 cycles, 100 mV/s, 0.28—1.58 Vyyp), a set of 3 cycles (20 mV/s) from 0.28 Vyyy; to a given UPL (1.31, 1.41, 1.51, and 1.61
Vrug)- Then, the material was subjected to S00 cycles of AST (1 V/s, 0.58—1.41 Vyy;) before the profiling was repeated to analyze the
degradation-induced changes. The sequence of degradation and profiling was repeated once more. After each AST protocol, the electrolyte flow
was switched from one syringe to another, causing a signal peak unrelated to sample dissolution. A close-up of all the protocols is available in Figure
SSa—f. Three profiling cycles (marked with *) with an UPL of 1.61 Vyy are selected for comparison of the dissolution profile (b) before AST, (c)

after the first S00 AST cycles, and (d) after the second 500 cycles.

different UPLs in the neat 0.05 M H,SO, electrolyte (Figure
S4). After 500 fast scans up to UPLs of 1.21 and 1.31 Vg, the
loss of the gold ESA was below 2 and 4%, respectively. This is
expected for the applied UPLs at which gold oxidation does
not occur (1.21 Vyyg) or is at its very beginning (1.31 Vpyg).
When the UPL is increased to 1.51 Vg, the loss of the Au
surface area correspondingly increases to ~38% over the first
500 fast scans. Since the loss of Au ESA clearly depends on the
applied UPL, it can be concluded that the degradation of the
catalyst is the major reason for it and not a random poisoning
mechanism due to the presence of impurities.

As mentioned before, gold dissolves via a transient
dissolution mechanism during potential cycling with a UPL
up to 1.60 Vege>> 2% In order to confirm that transient
dissolution is also dominant during the AST applied in this
study, a fresh catalyst film has been subjected to a
potentiostatic degradation protocol by setting the potential at
1.41 Vyyg for 1S min, which is comparable to the time needed
for 500 fast scans in the AST (Figure S4). This potentiostatic
treatment leads to the loss of gold ESA of 5%, which is notably
less than the loss observed after the first 500 fast scans of the
AST (>20%). This confirms that the transient dissolution is
indeed dominant during the AST, while anodic dissolution
occurs as well but to a much lower extent.

To summarize, our experiments showed that gold NPs suffer
degradation during the hereby applied AST as significant loss
of ESA has been observed. The results also show that even very
low amounts of chlorides, such as 10™* M, which could be
correlated with the low levels of chloride impurities,
significantly promote degradation of Au NPs. If the
concentration of chlorides is increased to 107> M, the
electrochemical response of gold is quickly lost, which is
interesting from the recycling point of view when excessive
amounts of chlorides are used.”” Regarding the degradation
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mechanism, it has been shown that for Pt/C fuel cell catalysts,
different mechanisms can take place, either individually or
simultaneously. These include particle detachment, dissolution,
re-deposition, agglomeration, and carbon support corro-
sion.””>> In order to distinguish between the possible
degradation mechanisms for the case of carbon-supported
gold NPs, potential-resolved dissolution profiles were recorded
by EFC-ICP-MS, gas evolution was followed by EC-MS, and
IL-SEM and IL-TEM imaging of the Au/C samples were
performed.

3.3. Online Measurements with an EFC Coupled to
ICP-MS and EC-MS. To complement the RDE data on the
loss of the active surface area, the amount of electrochemically
dissolved Au in terms of mass was tracked with an EFC-ICP-
MS system. This is a powerful combination of complementary
techniques that allows an in-depth study of the potential- and
time-resolved dissolution of metal electrocatalysts. The
approach is based on analysis of an electrolyte that flows
continuously through an EFC using an ICP-MS detector. The
latter provides data on the concentration of the dissolved
metal(s) as a function of the applied electrochemical
experiment. The results give a direct insight into the
dissolution mechanism and enable quantifying the amount of
dissolved metal.

The applied electrochemical protocol used in this study is
shown in Figure 4. Similarly like in RDE tests, a set of 20
activation cycles was first performed (100 mV/s, 0.28—1.58
Vyue) in order to achieve a stable and reproducible dissolution
response (see close-up in Figure SS5a) before continuing with a
protocol of slow (20 mV/s) potential cycles to reveal the
dissolution mechanism (close-up in Figure SSd—f). Three
cycles were repeated within the selected potential range before
the UPL was increased by 100 mV. Four ranges from 0.28
Vgyg to an increasing UPL (1.31; 1.41; 1.51; and 1.61 Vyyg)
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Figure S. EC-MS dissolution profiles showing the signal for m/z = 44, attributed to CO,, as a function of electrode potential. The electrochemical
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Viue) and a 1S min potential hold at 1.41 Vpyp. Sets of cycles were separated by S min of open circuit potential to allow for background

stabilization.

were thus examined. As expected, no detectable Au dissolution
occurs when cycling the potential to a UPL of 1.31 Vgyg.
Increasing the upper potential to 1.41 Viyg, however, causes a
transient dissolution event that appears as a peak during the
cathodic scan direction. This confirms that in the potential
range chosen for the AST, only the transient mode of
dissolution occurs. Even when cycling the electrode up to 1.51
Vgup this transient cathodic dissolution mechanism is still the
only clearly distinguishable degradation process, but at 1.61
Viup, a distinct shoulder appears prior to the transient
dissolution peak, which can be attributed to anodic dissolution
(Figure 4b). This is consistent with the reports that the
transient dissolution mechanism is dominant up to a UPL of
around 1.60 Vyyg, while at hiégher anodic UPLs, the direct
anodic dissolution prevails.”* ™

It is well known from the literature that oxidation and
dissolution behaviors of NPs in electrochemical environments
can differ from bulk behavior and are also size-depend-
ent.””*>* When the distribution changes, this inevitably
influences the dissolution behavior and should be apparent
from the dissolution profiles. Focusing on the potential range
where both dissolution mechanisms occur (0.28—1.61 Vi)
can offer insights into how the material structure evolves as a
consequence of the applied ASTs. One of the three cycles with
the highest UPL is shown after 500 and 1000 AST cycles
(Figure 4c,d, respectively). The most notable change, that is,
the lowering of the concentrations of dissolved Au, is
consistent with the severe loss of the surface area observed
in the RDE experiments. More insightful, however, is the
change of the shape of the peaks. After each set of degradation
cycles, the anodic shoulder becomes more pronounced.
Deconvolution and integration of both peaks indeed confirm
that the ratio of anodically versus cathodically dissolved Au
increases from 8:92 to 9:91 and 12:88 after activation and the
first and the second AST cycle, respectively (Figure S6). In
other words, the contribution of the transient dissolution
relative to the anodic dissolution is lowering with degradation.
Apparently, the AST degradation protocol, which occurs
exclusively via the transient cathodic dissolution, induces
structural changes in the material which not only drastically
decrease the Au ESA but also reflect in the change of the

641

dissolution profiles at higher potentials. The dissolution
mechanism of Au NPs is known to be affected by their
size,”** which suggests that the population of particles
(namely, their size distribution) changes with degradation.
Comparing the PSDs before and after degradation (Figure
S7a,b) reveals that the population of the as-purchased sample
is much richer in particles smaller than 10 nm than the sample
after 10,000 AST degradation cycles. This is consistent with
the reported particle size effect,””*”*® which indicates that
smaller particles are generally more prone to dissolution. PSD
is therefore very closely linked with the degradation effects;
namely, the population of the particle sizes determines the
observed degradation effects and vice versa—degradation
dynamically changes the size distribution. However, we cannot
exclude the possibility of dissolution of a thin surface layer of
gold from larger Au NPs, which can also subtly contribute to
the detected amount of dissolved gold. This is addressed in
more detail in the microscopy section below (3.4 IL-SEM and
IL-TEM Imaging).

The EFC-ICP-MS setup enables quantifying the amount of
dissolved Au through peak integration. Given that the loss of
ESA in the RDE tests in neat H,SO, is already significant in
the first S00 cycles (>20%), it may seem unexpected that in the
EFC-ICP-MS setup, only about 0.02% of the total mass of Au
is lost in a set of 500 AST cycles. This amount was determined
by integrating the notably low dissolution signal (with
subtracted background) during the 500 AST cycles (Figure
SSb,c). By extrapolating this number to 10,000 cycles, it can be
estimated that only about 0.4% of Au mass is lost at the same
time when the total surface drops by 65%. Although this is not
an intuitively expected ratio, it can be elegantly explained by
taking into account the polydisperse nature of the Au NPs in
the material. From the size distribution analysis of the fresh
sample (Figures 1c and S7a), it can be estimated that all the
particles with d < § nm together contribute about 66% to the
total Au surface area and only 3% to the total mass. It should
be stressed, however, that only particles smaller than 30 nm
were taken into account for the PSD and that much larger
particles were also observed in the material. They were
intentionally omitted from the PSD because their relative rarity
and nonhomogeneous distribution would introduce great
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Figure 6. Au dissolution profiles of the Au/C in (a) 0.05 M H,SO,, (b) 0.05 M H,SO, + 107* CI~, and (c) 0.05 M H,SO,, + 107> CI". The applied
potential protocol was the same in all three cases. First, 20 activation cycles (0.28—1.58 Vpyg, 100 mV/s) were applied in chloride-free 0.05 M
H,SO, (not shown). For experiments in the chloride-containing electrolyte, the electrolyte was then switched during the S min wait period
following the activation. The following cycles (shown in the graph) were recorded in the AST potential range, namely, 0.58—1.41 Vgy; with a
varying scan rate: 1000 mV/s (20 cycles), S00 mV/s (10 cycles), 200 mV/s (S cycles), 100 mV/s (3 cycles), SO mV/s (3 cycles), 20 mV/s (3
cycles), and 10 mV/s (3 cycles). Sets of cycles were separated by 2 min of open circuit potential to allow background stabilization.

statistical unreliability. It is however straightforward to imagine
that taking into account also the randomly observed larger
particles (see Figure S1) would make the total contribution of
particles smaller than S nm to the overall mass even smaller
(but in unreliable fashion) and in agreement with the low
observed dissolution. We are thus making a very conservative
judgment. These EFC-ICP-MS results together with the
changes of the size distribution (Figure S7) suggest that the
AST predominantly dissolves small Au NPs and thus
dramatically lowers ESA, while the actual dissolution of Au
remains low due to the presence of large particles (up to 30 nm
and larger) that are not significantly affected by the AST but
carrying the vast majority of the mass. The other possibility for
low Au dissolution detected by EFC-ICP-MS could be that Au
is being dissolved and redeposited back according to the
Ostwald ripening. This mechanism would also lead to the
observed loss of Au ESA, due to particle growth. In order to
distinguish between different possible degradation mecha-
nisms, namely, to show that there is no Au re-deposition or
Ostwald ripening, identical location electron microscopy was
performed (see below Section 3.4).

Another possible degradation mechanism is the oxidation of
the carbon support, which can cause particle detachment.>® To
check whether carbon corrosion occurs in the potential range
of AST, the amount of released CO, was monitored with an
electrochemistry-mass spectrometry (EC-MS) system that
enables detection of the released volatile species as a result
of the applied potential protocol. The CO, signal was detected
in all of the investigated potential intervals, including those
with a UPL as low as 1.31 Vgy; (Figure S). Carbon
degradation was thus confirmed in the AST regime; however,
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it did not differ much from the amount of CO, released during
1S min of potential hold at the UPL of degradation (1.41
Vyue) Where ESA is practically not affected. This suggests that
carbon oxidation does not contribute to the significant
difference that was observed in ESA loss between potentiody-
namic and potentiostatic protocols; hence, it may be
concluded that it does not notably contribute to the overall
catalyst degradation. Interestingly, the addition of chlorides
does not affect the corrosion of carbon (Figure S8).

While fast potentiodynamic degradation in pure H,SO,
proved detrimental for the Au surface area, which is of course
of tremendous importance for electrocatalytic applications, its
selective targeting of small NPs in the polydisperse population
results only in a minute Au mass loss. For exploring the
options of electrochemical dissolution of Au with the purpose
of recycling, however, it is the loss of Au mass that is the
crucial parameter of interest. For this reason, EFC-ICP-MS
experiments were also carried out in H,SO, containing the
addition of 107* and 107> M CI~ (Figure 6). Only one
potential regime was tested for this purpose, namely, the AST
potential window (0.58 to 1.41 V), but the scan rate was
varied from 1 V/s to 10 mV/s. Adding even small amounts of
chlorides (10™* M) increased Au dissolution by several folds
(pay attention to the dissolved Au concentration scale). At the
same time, however, the shape of the peaks remained the same,
suggesting that the dissolution with CI™ assistance occurs
transiently during cathodic reduction.

Increasing the Cl~ concentration to 107> M is expectedly
even more efficient for Au leaching. Not only does the
dissolution increase several thousand times as compared to the
chloride-free electrolyte, the experiment actually dissolves a
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Figure 7. IL-SEM imaging of the Au/C sample during AST in neat 0.05 M H,SO,: (a,d) fresh sample; (b,e) after SO0 scans; (c,f) after 10,000
scans. The potential window used for AST was between 0.58 and 1.41 Vg, while the scan rate was 1 V/s. Scale bars correspond to 100 nm. The
upper row of images was obtained using an in-lens detector, while the lower row was obtained using a SE2 detector.

majority of Au present in the tested sample, which causes a
significant signal drop toward the second half of the
experiment. Integration of the dissolution peaks reveals that
the total percentage of dissolved Au mass increases from 0.02
wt % in pure H,SO, to about 4 wt % when 10™* M of chloride
is added and to over 100 wt % in the solution containing 1072
CI". The Au loading stated by the producer was not checked;
therefore, the numbers should not be interpreted exactly—
nevertheless they reveal the order of magnitude of dissolution
increase caused by the presence of chlorides. Although more
thorough investigations are necessary, this simple experiment
clearly confirms that the principle of electrochemical
dissolution of noble metals under mild conditions developed
for Pt** can be extended to Au.

3.4. IL-SEM and IL-TEM Imaging. In order to observe the
degradation of the Au/C catalyst on a local level and to
identify the dominating degradation mechanism, IL-SEM
imaging of the samples before, in between, and after AST
has been performed. Figure 7 presents successive IL-SEM
imaging of the untreated Au/C sample (Figure 7a,d), after S00
(Figure 7b,e) and 10,000 (Figure 7c,f) fast scans during AST
in the neat 0.05 M H,SO,.

One can see that any change in these consecutive IL-SEM
images is quite subtle as there are no clearly observable
differences, such as missing Au NPs due to the dissolution or
particles that have grown due to the redeposition or
coalescence. In the case of the Pt/C catalyst, the obvious
growth of Pt particles during degradation was easily observed
by IL-SEM'®" pointing out the redeposition as the main
degradation mechanism. In the case of Au/C, there is no
notable growth of larger NPs (few examples of unchanged
particles are highlighted in Figure 7d—f by the circles of the
same color) which means that redeposition is not a
degradation mechanism responsible for the loss of ESA during
the AST. Due to the resolution limitations, IL-SEM alone
cannot unequivocally confirm the assumption derived from
EFC-ICP-MS results that the predominant degradation
mechanism responsible for the loss of gold ESA is the
dissolution of a significant fraction of the smallest particles
(smaller than approximately S nm). To check for the structural
changes in NPs in the size range below 5 nm, IL-TEM imaging
was performed before and after AST in the 0.05 M H,SO,
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electrolyte free of chlorides (Figure 8). Figure 8a shows a
representative STEM ADF image of a fresh sample and

Figure 8. IL-TEM imaging of the Au/C sample: (a) before and (b)
after AST in the neat 0.05 M H,SO,. The potential window used for
AST was between 0.58 and 1.41 Vyyyg, while the scan rate was 1 V/s.

confirms the discussion related to the TEM image from Figure
1b, according to which the commercial Au/C catalyst contains
mainly spherical Au NPs, polydisperse in size, and well
distributed over the carbon support. Figure 8b shows the
corresponding STEM imaging of the same location on the
sample after AST in the 0.05 M H,SO, electrolyte. Clearly,
using TEM makes it possible to discern the changes that occur
in the smallest particles in the Au/C sample during the AST in
the 0.05 M H,SO, electrolyte. One can see that a notable share
of the particles, mostly smaller than S nm, is missing after the
AST, while larger particles are less affected. At such high
magnifications, the individual particles that have undergone
complete dissolution can be resolved, as few examples are
marked by white circles in Figure 8a,b. Red circles in these
figures are highlighting the particles that have decreased in size
due to the dissolution. In agreement with IL-SEM imaging
from Figure 7, no other degradation mechanism except
dissolution can be observed. Therefore, IL-TEM provides an
indisputable proof that degradation of the Au/C sample during
the AST occurs through the dissolution of particles below 5
nm. Degradation of gold NPs is clearly size-dependent as the
larger particles are less prone to dissolution than the smaller
ones in the neat 0.05 M H,SO, electrolyte. This is in
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Figure 9. IL-SEM imaging of the Au/C sample during AST in 0.05 M H,SO, + 10™* M CI; (a,d) fresh sample; (b,e) after 500 scans; (c,f) after
10,000 scans. The potential window used for AST was between 0.58 and 1.41 Vi, while the scan rate was 1 V/s. Scale bars correspond to 100 nm.
Circles and arrows of the same colors correspond to the changes at the identical locations in consecutive images. The upper row of images was
obtained using an in-lens detector, while the lower row was obtained using the SE2 detector.

Figure 10. IL-SEM imaging of the Au/C sample during AST in 0.05 M H,SO, + 107> M CI": (a,d) fresh sample; (b,e) after 500 scans; (c,f) after
10,000 scans. Scale bars correspond to 100 nm. Upper row of images was obtained using the in-lens detector, while the lower row was obtained

using the SE2 detector.

agreement with the discussion from Section 3.3, where rather
low amounts of gold detected by EFC-ICP-MS during AST
were connected with the dissolution of particles smaller than 5
nm, whose contribution to the overall mass is rather low, while
their contribution to the overall surface area of the sample is
rather high. As mentioned earlier, discrete dissolution of the
thin surface layer of gold from larger particles can occur to a
certain extent during AST, which would also result with a
minor amount of dissolved gold.

As expected and in accordance with the results of the AST
and EFC-IPC-MS, much more pronounced changes in the IL-
SEM imaging can be observed in the presence of chlorides.
Consecutive changes showing the degradation of the Au/C
sample in 0.05 M H,SO, + 10™* M CI~ are highlighted with
dotted circles of the same colors in Figure 9. Figure 9a,d,
corresponding to the fresh Au/C sample, is focused around
particularly a large Au NP, which is marked by a white arrow in
Figure 9.

After the first 500 scans (Figure 9b,e), a significant portion
of smaller particles is not present anymore in the sample with
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some of the medium size particles being absent as well. Larger
particles seem to be more stable than the smaller ones, for
example, the central one marked by white arrow has not
suffered any notable change after the initial S00 scans, which
complies with the particle size effect.”” One should note that
due to the resolution, smaller particles that we refer to in these
SEM images are much larger than the small particles that we
refer to in IL-TEM imaging (below S nm). This means that in
the case of AST in the presence of 107* M CI, the small
particles that are missing after the first 500 fast scans are larger
than those identified missing by IL-TEM in the case of the
AST in the absence of chlorides. At the end of the AST (Figure
9¢,f), the same trend for the smaller particles continues, while
also the central large particle has dramatically shrunk due to
dissolution. This means that in the presence of chloride, the
particle size has a lower impact on their stability (ie. the
particle size effect is diminishing). Interestingly, some of the
particles remained intact in the sample throughout the whole
AST (few examples are marked by yellow arrows in Figure 9).
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These particles could be well-protected by surrounding the
carbon material and thus electrochemically inactive.*’

According to the results of the AST from Figure 3, when the
concentration of chlorides is increased to 107> M, degradation
becomes fast and severe. Consecutive IL-SEM imaging of the
sample during the AST performed in the 0.05 M H,SO, + 107>
M CI” electrolyte is given in Figure 10 and confirms the trend
observed in the AST. It can be seen that almost all particles
from the fresh sample (Figure 10a,d), regardless of their size,
have disappeared from the sample after the first 500 scans
(Figure 10b,f). Even the particularly large particle in the center
of the sample is completely dissolved after the first 500 fast
scans. At lower magnification in this location, as well as on the
other random places across the sample, we have observed that
some groups of the particles remain present throughout the
AST even under such harsh conditions. This can again be
explained by encapsulation of the Au particles by the carbon
material,” which makes them electrochemically inaccessible
and therefore intact. Another possibility for this is that some
particles are not electrically connected with the electrode.
Regarding the (in)stability of the Au/C sample in the presence
of chlorides, we may conclude that the results obtained in this
study show that the (electro)chemical approach developed by
Hodnik for platinum recycling** can be adopted and optimized
for the recycling of gold in the presence of the higher amount
of chlorides.

4. CONCLUSIONS

In this work, we studied the stability and degradation
mechanism of a commercial carbon-supported gold NPs
during ASTs in 0.05 M H,SO, in the absence and presence
of chloride ions. Over the course of AST in the sulfuric acid
solution, gradual decay of the Au ESA was observed, which was
expectedly more pronounced in the presence of chlorides.
According to EFC-ICP-MS measurements, under the con-
ditions applied in the AST, the dissolution of gold NPs occurs
transiently and is strongly enhanced by the presence of
chlorides. EFC-ICP-MS experiments also showed that a low
amount of gold was dissolved during the AST, which can be
explained by the predominant dissolution of small Au NPs
(below S nm). The latter contributes modestly to the overall
mass but notably to the overall electrochemical surface area of
the polydisperse Au/C sample. EC-MS measurements showed
that carbon corrosion also occurs during AST, but to a smaller
extent so that it does not significantly contribute to the overall
degradation of the sample. Due to the resolution limitations, it
was not possible to observe changes that occur in the smallest
Au NPs in the polydisperse sample during the AST in the neat
0.05 M H,SO, by IL-SEM; however, it was possible to exclude
redeposition of previously dissolved gold NPs (ie. Ostwald
ripening) as a degradation mechanism. Corresponding IL-
TEM imaging before and after the AST in pure 0.05 M H,SO,,
revealed that indeed dissolution of small Au particles, mainly
below 5 nm, takes place, confirming thus the hypotheses
derived from EFC-ICP-MS. Due to the polydispersity of the
sample, it was possible to observe the size-dependent nature of
dissolution of gold NPs, which expectedly showed that the
smaller particles were less stable. In the case of chloride-
containing electrolytes, the dissolution was substantially
increased and thus recognized as the main degradation
mechanism by IL-SEM. Therefore, results obtained in this
work show that the instability of gold NPs, especially the ones
with a diameter below 5 nm, must be taken into account when
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considering the application of gold in electrochemical energy
storage and conversion devices (for example, as (co)catalyst in
fuel cells where similar potentials can be reached during start/
stop conditions). On the other hand, this work also shows that
the approach developed for Pt recycling"” can be extended and
optimized for the recycling of gold in the presence of chloride
ions due to the transient nature of gold dissolution.
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