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A B S T R A C T   

Electrochemical flow cell coupled with an inductively coupled plasma mass spectrometer (EFC-ICP-MS) is a 
powerful electroanalytical technique to monitor in-situ dissolution of metallic electrocatalysts and to understand 
mechanism of degradation under operating conditions. Its utilisation has witnessed a notable increase in the 
electrocatalyst field in the last decade where it has been extensively used to study the stability of platinum group 
metals (PGMs) under oxygen reduction and oxygen evolution reaction conditions. Online ICP-MS has allowed the 
scientific and industrial community to optimise the activity and stability of PGMs thanks to a better under-
standing of the complex metal corrosion processes. Among the different setups, the electrochemical flow cell 
design is the most common as it is based on a commercially available design. Nonetheless, besides different 
materials and different electrochemical protocols, the impact of the geometry and various parameters of the 
setup on the recorded dissolution signal has not been studied until now. Such parameters can influence the 
results obtained with an EFC-ICP-MS and thus the interpretation of the dissolution mechanism and/or stability 
assessment. Hereby, we demonstrate that the length of the tubing between the outlet of the cell and the inlet of 
the ICP-MS impacts the resolution of the PtCo catalyst dissolution peaks. This, in turn, facilitates studies where 
the detection of extremely low concentrations is necessary, such as under a very narrow potential window. 
Similarly, a reduced internal volume of the cell restricts Pt redeposition, contributing to a more precise evalu-
ation of stability. These claims were supported by dynamic continuum mechanics modelling of the ion con-
centration in a model EFC. Finally, we provide guidelines and advice to properly measure dissolution with an 
electrochemical cell coupled with ICP-MS.   

1. Introduction 

Proton exchange membrane fuel cell (PEMFC) is an increasingly 
important technology in the transition from fossil-fuel energy to a green, 
hydrogen-based economy [1,2]. This technology has the potential to 
provide zero-emission chemical energy by combining hydrogen and 
oxygen [3]. Unfortunately, the high cost of the Pt catalysts, needed to 
catalyse the sluggish oxygen reduction reaction (ORR), has hindered the 
commercialisation of PEMFC [4,5]. The implementation of a new 

generations of Pt-alloy catalysts has notably brought the price down by 
replacing the previously unused Pt from the core of nanoparticles with 
transition metals (M = Co, Cu, Ni or Fe) and consequently diminished 
the amount of precious metal required [6–11]. In addition, “core-shell” 
and or “de-alloyed Pt alloys” (Pt-M) nanoparticles exhibit better intrinsic 
activity than pure Pt surface due to ligand and/or strain effect [12,13]. 

However, a new challenge has arisen for the Pt-alloys catalysts due to 
the intrinsically lower stability of transition metals [1,14-17]. The dis-
solved transition metal ions can decrease the performance of PEMFC by 
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blocking the Pt surface, depositing in the ionomer [18,19] and hindering 
the mass transport within [20], or catalysing unwanted reactions in the 
membrane [21]. Hence, improving the stability of Pt-alloys should be 
achieved based on a thorough fundamental understanding of its disso-
lution behaviour. 

One possible way to study the parameters influencing the stability of 
Pt-M catalysts is to utilise an electrochemical cell connected to an 
inductively coupled plasma mass spectrometry (ICP-MS) [22–25]. It 
allows online monitoring of the concentration of the dissolved metals 
and thus directly correlating it to the operating conditions. This tech-
nique is extremely versatile and sensitive, with a detection limit in the 
range of part per trillion, while often used for ppb detection. It has been 
shown effective in revealing mechanisms of dissolution and/or elec-
trochemical stability limits of electrocatalysts [26–28]. It can also be 
used to numerically evaluate and compare the stability of different 
catalysts (S-number [29], activity-stability factor [30]). 

Originally developed in 2000 by Ogle and Weber for the detection of 
anodic dissolution of 304 Stainless steel [31], electrochemical flow cell 
coupled (EFC) with an inductively coupled plasma–optical emission 
spectroscopy (ICP-OES) device or an ICP-MS is still a young methodol-
ogy in the field of electrocatalysis. 

The widespread use of this methodology for electrocatalysts studies 
can be attributed to Mayrhofer et al. and their so-called scanning elec-
trochemical flow cell (SFC) (Fig. 1a) [22,32], which sparked the uti-
lisation of ICP-MS in the electrocatalysis field. In their setup, the cell is 
characterised by a small wetted area (2.56 × 10− 3 cm2), a low internal 
volume (5 μL cell, 21 μL tubing) and a dead time of around 30 s (for a 
liquid flow of 51 μL/min). It is therefore called a microelectrochemical 
cell. In addition, their setup is combined with an XYZ-positioning system 
which allows easy and fast sample exchange. Surprisingly, it was only 
eight years after the publication of such a setup that Cherevko et al. 
investigated the impact of the setup geometry on the obtained dissolu-
tion results [33]. The authors showed that time resolution is related to 
the residence time distribution (RTD): the lower the residence time, the 
better the resolution. However, RTD presents some asymmetry due to 
mass transport in the outlet capillary. The authors also optimised their 
cell with an angle ≥ 60◦between the inlet and the outlet channels while 

the flow rate was set to be between 200 and 300 μL/min. 
Another setup was introduced by Markovic’s group. Lopes et al. 

presented a stationary probe rotating disc electrode (SP-RDE) coupled 
with an ICP-MS (450 μL/min, delay time of ~5.5 s and total internal 
volume of ~42 μL, Fig. 1b) [25]. This setup allows one to control the 
mass transport properties at the electrode surface. This results in low 
dissolution rates measured but enables the correlations between the 
structure and both the activity and stability of electrocatalysts. How-
ever, the separation of cathodic-related and anodic-related dissolution 
processes was not achieved with this setup, and only a relatively noisy 
signal can be observed. 

In our group, we employed a third variation of electrochemical cell 
coupled with ICP-MS setup for metal dissolution detection, so-called 
electrochemical flow cell-ICP-MS (EFC-ICP-MS) [14,34,35]. This setup 
is based on a commercially available BASi-cell design © and thus most of 
the parts are commercially available (Fig. 1c). Consequently, some de-
rivative versions have made it, arguably, the most employed setup in the 
community [36–40] albeit the setups from other groups are also custom 
made and thus some differences arise. For example, the cell from Choi 
et al. has a defined cell volume and their arrangement allows to use a 
glassy carbon rod of a Pt wire as the counter electrode [36,38]. Simi-
larly, Maillard et al. can also introduce a glassy carbon rod as counter 
electrode in their homemade PEEK cell [40]. Nonetheless, in all these 
setups, the cell volume is defined by the PEEK cell, oppositely to the two 
previously introduced setups (SP-RDE and SFC). In our case, a (silicon) 
gasket separates the two walls of the cell and defines the internal vol-
ume. Moreover, in contrast to SFC and SP-RDE setups, an external pump 
can be used to control the flow of electrolytes instead of the ICP-MS 
peristaltic pump (Fig. 1d). Furthermore, it can be used with a cross 
flow switch therefore enabling the easy and quick change of electrolyte 
during experiments if necessary. 

Nonetheless, this is an overall young methodology in the field of 
electrocatalysis and although various models and setups have been 
developed, the influence of experimental parameters (apart from the 
electrochemical protocol itself) on dissolution results has rarely been 
investigated. Except for the previously mentioned theoretical study by 
Shkirskiy et al. on SFC-ICP-MS [33], the importance of cell and other 

Fig. 1. Different electrochemical cells coupled with an ICP-MS. a) Scanning-flow-cell presented by Mayrhofer et al. Reproduced with permission [22]. Copyright 
2011, Elsevier. b) Stationary probe – rotating disk electrode presented by Markovic et al. Reproduced with permission [25]. Copyright 2016, American Chemical 
Society. c) Scheme of the electrochemical flow cell presented by our group. Reproduced with permission[26]. Copyright 2017, American Chemical Society. d) 
Scheme of the full EFC-ICP-MS setup. 
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non-electrochemical experimental parameters have to the best of our 
knowledge not been studied yet. Furthermore, the intrinsically low 
concentrations (ppb range or lower) studied with this method could be 
influenced by the cell design. Indeed, the dissolution of metals in the 
operational range of fuel cell (FC) is low and can be influenced by 
redeposition phenomena, problems of signal/noise ratio or overlapping 
of the peaks. Interpreting extremely low-resolution signals can be 
challenging, with the possibility of it being impossible. In the best-case 
scenario, accurate interpretation of the peaks would require a profound 
background knowledge. 

Henceforth, we experimentally investigated the impact of several 
parameters, such as the cell volume, the electrolyte flow speed and the 
length of the tubing between the outlet of the EFC and the inlet to the 
ICP-MS, on the PtCo/C electrocatalyst dissolution profile in acidic 
electrolyte. The impact on the peak resolution and therefore the sepa-
ration and recognition of different dissolution phenomena and dissolu-
tion mechanisms, as well as the impact on the redeposition of metal, are 
highlighted. Namely, the separation of dissolution peaks has been 
improved compared to previously published results [14,18,36,39] and 
the Pt-redeposition has been to a certain degree hindered, which allows 
for studies in narrower potential windows and/or faster scan rate, 
namely accelerated degradation studies. Furthermore, the observed 
phenomena have been confirmed by simulation. A modelling study of 
the volumetric flow rate and cell volume confirmed the lower redepo-
sition. Finally, the improved system was employed to study the disso-
lution at FC load-cycle operation relevant potential window, i.e. from 
0.85 VRHE to a varying lower potential limit (0.65 to 0.4; 0.05 step VRHE). 
We note that under these conditions, the metal dissolution is extremely 
low, so it has been difficult to measure it under dynamic conditions and 
still distinguish between cathodic and anodic peaks at this potential 
window [36]. For instance, in one of the rare examples of prior work, 
some Pt-dissolution signal was achieved at 0.85 VRHE only with 30min 
accumulation time [41]. Hereby, we were able to visualise both anodic 
and cathodic dissolution peaks at the FC narrow operational potential 
window already at room temperature. The comparison of the two setups 
for this particular case highlights the benefits of the new system as new 
knowledge can be acquired. 

2. Experimental 

2.1. Synthesis of the experimental Pt-Co/C 

The experimental Pt-Co/C electrocatalyst produced by ReCatalyst d. 
o.o. (Slovenia) was prepared in accordance with the processes already 
reported previously [42–44]. Briefly, the experimental electrocatalyst 
has been prepared in three steps. In the first step, Pt NPs were deposited 
onto a commercial carbon black support (Ketjen Black EC300J, Impag 
Group, Switzerland) via the double passivation galvanic displacement 
method. In the second step, the prepared composites with deposited Pt 
NPs were thermally annealed in order to obtain the Pt-Co alloy. In the 
last step de-alloying (acid washing) was performed to de-alloy the 
catalyst and obtain a Pt-rich overlayer over a Pt-Co core. 

2.2. Electrochemical flow cell ICP-MS 

The catalysts dissolution was studied in an electrochemical flow cell 
coupled to an inductively coupled plasma mass spectrometry (EFC-ICP- 
MS, Fig. 1d). The ICP-MS (Agilent 7900, Agilent Technologies, USA) is 
equipped with a MicroMist glass concentric nebuliser, and a Peltier 
cooled Scott-type double pass quartz spray chamber. The ICP-MS pa-
rameters were kept constant while the cell was modified as described in 
the results and discussion section. The electrochemical cell is custom- 
made from PEEK material, based on a commercial cell design (BASi). 
The working and counter electrodes (WE and CE, respectively) are 
glassy carbon discs while an Ag/AgCl electrode was used as reference 
electrode (RE). Its potential against Reversible Hydrogen Electrode 

(RHE) was evaluated prior to the experiment against a hydrogen refer-
ence electrode. PtCo thin films were prepared by drop-casting 5 μL of a 1 
mg/mL ink, prepared with Milli-Q water. The ink was sonicated pre-
ceding the drop-casting to ensure homogeneity. Afterwards, a drop (5 
μL) of a Nafion:Isopropanol (1:50) solution was drop casted to cover 
both the WE and the CE to ensure the films stability. Several films were 
prepared and only the best, most homogeneous, films were chosen for 
experiments. The experiments were performed on several films to ensure 
reproducibility. 

Tubing (diameter of 0.18 mm, PEEK) of different lengths were 
employed to examine the impact of delay time between the EFC and the 
ICP-MS. This leads to two different setups, long (L, ~ 50 cm) and short 
(S, ~ 6.5 cm) systems, implying difference in the delay time between the 
electrochemical process in the cell and the signal response in ICP-MS. On 
the other hand, as the gasket defines the cell volume, several thicknesses 
(two of them are highlighted in this work – high internal volume (HIV) 
and low internal volume (LIV)) were investigated (Figure S2). Finally, 
the flow of the electrolyte was varied for different experiments (400 μL/ 
min and 600 μL/min) but kept constant during the time of one experi-
ment. It was controlled by a mechanical syringe pump (AL-1000, World 
Precision Instrument, USA). The different setups are summarised in 
Table 1. 

2.3. Electrochemical protocols 

The electrochemical protocols were controlled by an Ivium poten-
tiostat (Ivium Technologies, Netherlands). Two sets of experiments were 
performed. First, the impact of experimental parameters was studied by 
cycling a homemade Pt-Co catalyst between 0.05 and 1.2 VRHE at 
different scan rates (10, 20, 50, 100, 200, 300, 500 mV/s). The system 
was free to be at OCP for two minutes between each set of 5 cycles at 
different scan rate. 

Afterwards, the impact of the potential window on Pt-Co dissolution 
was studied in both the old setup (L-HIV-cell) and the improved setup (S- 
LIV-cell). Namely, three cycles between 0.85 VRHE and a varying lower 
potential limit (0.7 to 0.4; 0.05 step VRHE) were performed. 

2.4. Profilometry measurement 

The film thickness was measured with a Profilometer (Z-gage, Zygo 
Ametek, USA). The cell used in the electrochemical flow cell was directly 
put under the device and the thickness of the film was measured two 
times, before and after adding the ionomer (Nafion). 

2.5. Flow-cell model 

A three-dimensional model was employed to imitate the cell. It 
consisted of an oval domain representing the internal space of the cell, 
two circular boundaries representing the WE and CE, and two short 
tubes for the inlet and outlet. The parameters of the model cell are 
summarised in Table S1 and the cell geometry is shown in Fig. 2. For 
better visibility of the cell, the tubing within the model has been shown 
shorter than in the real experiment. Dynamic continuum mechanics 
modelling was employed to simulate the cell behaviour. Further expla-
nation of the model construction can be found in supplementary 
information. 

Table 1 
Different EFC-ICP-MS setups.   

Long tubing Short tubing 

High Internal Volume L-HIV-cell S-HIV-cell 
Low Internal Volume L-LIV-cell S-LIV-cell  
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3. Results and discussion 

In order to test the impact of the experimental parameters on the 
dissolution results, the electrochemical protocol was kept constant while 
the EFC-ICP-MS setup was modified. Namely, the experimental ReCa-
talyst Pt-Co electrocatalyst was cycled between 0.05 and 1.2 VRHE at 
different scan rates. Five cycles have been performed for each scan rate 
and the system was left at OCP for 120 s in between each scan rate (see 
Figure S3 for protocol). 

The first section of the EFC-ICP-MS setup that has been modified was 
the length of the outlet tubing that connects the EFC with the ICP-MS. 
This has been done to shorten the dead time for dissolved metals in 
the EFC to reach the nebuliser of the ICP. A flow of 400 µL/min was kept 
constant for this round of experiments. Dead time of < 5 s has been 
measured in the short tubing-setup (S-cell, length ~ 6.5 cm, diameter 
0.18 mm) compared to 25–28 s for the long tubing-setup (L-cell, length 
~ 50 cm, diameter 0.18 mm). Consequently, the diffusion of dissolved 
species is limited, and sharper peaks are observed (Fig. 3 and Figure S4 

for the full protocol) [18]. As shown in the case of a scan rate of 10 mV/s 
(Figs. 3a and 3c), the use of S-cell in contrast to the use of the L-cell 
enables a clear separation of both the anodic (Peak 2 for Co) as well as 
cathodic (Peak 3 for Co) dissolution peaks. In contrast, for the L-cell the 
cathodic dissolution Co peaks (3) are only visible as the tail/shoulder 
peaks to the more intense anodic dissolution Co peaks (2). Also, in the 
case of Pt-dissolution, clear separation of the anodic (2′) and cathodic 
(3′) dissolution peaks is visible for the S-cell, whereas the resolution of 
both Pt-dissolution peaks has been visibly impacted in the case of the 
L-cell. Furthermore, we observe another low intensity Co dissolution 
peak (1), which has in the case of the L-cell been only observed as an 
extension of the tail/shoulder dissolution peak, facilitating the inter-
pretation of results. In this case, three peaks can be observed in the 
dissolution profile of Co during slow cycle (Fig. 3a), especially for the 
S-cell. The mechanistic nature behind all the mentioned dissolution 
peaks has been already well reported in our prior work [14,18,43,45, 
46]. Briefly, the first peak (1) is attributed to the Co under-
potential/overpotential deposition. This peak has previously been 
already observed for various transition metals (Cu, Ni, Fe, Co) [14,18]. It 
should be noted that one could expect a lower baseline in the potential 
window of metal deposition. Indeed, the less noble metal can redeposit 
on the catalyst and thus a drop in dissolution can be observed as seen by 
Roiron et al. for PtNi [40]. However, significant redeposition should 
take place compared to the constant dissolution (background) to directly 
observe the decrease in dissolution. In our system, a tail of dissolution 
from the previous cathodic peak is visible at the moment of under po-
tential deposition which would make this observation more difficult. 
Afterwards, the previously deposited Co is available for dissolution in 
the following cycles where the peak 1 is observed. On the other hand, 
the other peaks are a consequence of well-reported transient dissolution 
of metal. Namely, metals are known to dissolve during the oxidation 
process (peak 2, anodic dissolution) as well as during the reduction 
process (peak 3, cathodic dissolution), whereas we are able to correlate 
peaks 2 and 3 corresponding to the Co anodic and cathodic dissolution 
as a direct consequence of the Pt anodic and Pt cathodic peaks 2′ and 3′. 
Despite a two times faster scan rate (10 mV/s) in comparison to our prior 

Fig. 2. Cell geometry used for the model construction.  

Fig. 3. Comparison of the dissolution profile of Pt (black) and Co (red) in two setups with different outlet tubing lengths; L-cell and S-cell. a) During 2 cycles between 
0.05 and 1.2 VRHE at 10 mV/s (cycles number 2 and 3 are shown). b) During 5 cycles between 0.05 and 1.2 VRHE at 50 mV/s. 
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reported research [18] the dissolution peaks remain well-resolved at a 
higher scan rate in the S-cell, thus allowing for faster dissolution data 
acquisition, and/or evaluations of prolonged experimental protocols, i. 
e. accelerated degradation tests (ADT). The improvement in resolution 
becomes even more significant if we further increase the scan rate to 50 
mV/s (Figs. 3b and 3d). In this case, we still notice a separation of the 
peaks 2 and 3 corresponding to Co dissolution for the S-cell, whereas 
only a single broad peak is observed in the case of the L-cell. The exact 
same trend is also observed in the case of Pt-dissolution (peaks 2′ and 3′). 

Finally, the dissolution signal has also been integrated (Table 2) in 
order to obtain the total dissolution of Pt and Co during two slow cycles 
(Figs. 3a and 3c; 10 mV/s, cycles 2 and 3) as well as five faster cycles 
(Figs. 3b and 3d; 50 mV/s). The cycles 2 and 3 were integrated in the 
case of slow cycling. The cycle 1 was not integrated on purpose to avoid 
any interference due to a possible dissolution induced by the jump from 
OCP to the starting potential. And thus, possible error in assessing the 
intrinsic dissolution during electrochemical cycling. The graph’s zero 
was used as a baseline for the integration. It can be observed that the 
total integrated quantities of Pt and Co dissolutions are within the 
margin of error. However, what can be observed is that the error of 
acquiring dissolution data from multiple measurements using the S-cell 
is lower for both the Pt and Co dissolution in the case of both evaluated 
scan speeds. On the other hand, the explanation of why the dissolution is 
decreasing with a higher scan rate has already been reported [47]. 
Namely, a lower (slower) scan rate results in an overall longer exposure 
of the Pt-based nanoparticles at both oxidising (during anodic scan) and 
also reducing (during cathodic scan) potentials. Consequently, more 
Pt-oxide is accumulated during the anodic scan, followed by also 
reduction of more Pt-oxide during the cathodic scan and thus, more 
transiently dissolved Pt, which is in the case of Pt-alloys also followed by 
the dissolution of the transition metal (in this case Co). 

As limiting the diffusion of dissolved species seemed efficient to 
improve the peak resolution, a faster electrolyte flow (600 μL/min vs 
400 μL/min) has also been investigated (Fig. 4, full protocol in 
Figure S5) in addition to the use of a shorter setup (S-cell). Surprisingly, 
the faster flow actually resulted in a measurement of a decreased 
amount of metal dissolution for both Co as well as Pt with a very 
insignificant additional benefit in the improvement of the peak resolu-
tion. In this case, the flow has to be taken into account while calculating 
the metals dissolved amount during cycling, and thus the dissolved mass 
is presented in Table 3 instead of a concentration, this is not necessary if 
the flow is kept constant between experiments (other cases). In the case 
of 600 μL/min electrolyte flow rate, the Pt dissolution decreased by 
almost a factor of two in contrast to the electrolyte flow rate of 400 μL/ 
min for fast scan rate cycles (50 mV/s) while the decreased is lower for 
the slow cycles, i.e. Pt dissolution at 600 μL/min is around 80 % of the 
dissolution at 400 μL/min (Table 3). No difference was noticeable for Co 
dissolution, but still noticeable at slower scan rates (10 mV/s). This 
result indicates that changing parameters to reduce the redeposition of 
Pt is not as straight forward as it seems. One part of the explanation most 
likely originates from the limitation of the nebuliser capability in the 
ICP-MS, which is not optimised for flows as high as 600 μL/min and thus, 
also leads to less dissolved species being transported to the MS detector. 
However, the observed lower dissolution cannot solely be ascribed to 
that phenomenon as the calibration was performed under the same 
conditions. Most likely, the higher flow is also inducing a turbulent 
behaviour inside the cell and thus enables more Pt to redeposit and thus 
also blocks Co dissolution. More precisely, a laminar flow would directly 
bring any dissolved species to the ICP-MS while a turbulent behaviour 
would allow the species to reach the electrodes again after their disso-
lution and thus higher redeposition would take place if the flow is too 
high. 

Another approach that has been investigated in order to increase the 
resolution of the metal dissolution peaks has been to vary (decrease) the 
flow-cell volume. In our setup, this can be achieved by changing the 
gasket thickness. The volume inside the flow cell is decreased by using a Ta
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thinner gasket, which under a constant electrolyte flow means that the 
electrolyte is being replaced more rapidly and thus, there is less prob-
ability for any redeposition of the dissolved species in the cell. Prior to 
the metal dissolution evaluation, the film thickness was measured with a 
profilometer (Figure S6 without Nafion and Figure S7 with Nafion) to 
ensure that the decrease of the gasket thickness does not lead to a po-
tential contact between the electrocatalyst film and the gasket. Addi-
tionally, one should also keep in mind that lowering the internal volume 
of the cell while keeping the same flow rate of electrolyte is still 
increasing the shear forces imposed on the electrocatalyst film. There-
fore, if the volume is decreased too dramatically, one could lose the film 
integrity (in other words parts of the electrocatalyst thin film falling off), 
leading to false dissolution results. Finally, using too thin gaskets can 
also result in leakage of electrolyte due to insufficient sealing – this 
could, in theory, be improved by a higher precision and lower tolerances 
of EFC manufacturing, allowing for less margin of gaps that need to be 
filled by the thickness of the gaskets to allow for adequate sealing and 
prevention of the electrolyte leakage. 

For the metal dissolution data acquisition, two different gaskets of 
different thicknesses have been investigated. The commercial BASi 
gasket was 1 mm thick, resulting in an internal cell volume of 47.12 μL. 
For thinner gaskets, a modified 0.3 mm silicon-based gasket has been 
employed with an internal cell volume of 14.14 μL (~2/3 decrease of the 
internal volume). In addition, the impact of the gasket thickness has 
been investigated with both the S-cell as well as L-cell. In both cases, the 
thickness of the gasket (and thus the internal volume of the cell) seems to 

have an insignificant impact on the transition metal dissolution (Co) 
while impacting greatly the Pt dissolution (Fig. 5, full protocol in 
Figure S8). Namely, once again the total dissolution of the metal was 
calculated for two cycles at 10 mV/s and for 5 cycles at 50 mV/s and 
compared between the different setups (Table 4). As previously dis-
cussed (see discussion related to Table 2), the length of the tubing does 
not affect the dissolution amount (422 ± 111 ppb for L-HIV-cell vs 343 ±
45 ppb for S-HIV-cell) but leads to sharpest peaks. On the other hand, the 
internal volume of the cell impacts the amount of dissolved species 
reaching the detector, most likely by limiting the redeposition. Indeed, 
the dissolution of Pt is around two times higher with the LIV-cell (905 ±
107 ppb for S-cell and 848 ± 9 ppb for L-cell) than with the HIV-cell (343 
± 45 and 422 ± 111 ppb for S-cell and L-cell, respectively) for two slow 
cycles. On the contrary, the dissolution of Co is relatively similar in all 
the setups (Table 4). This hints at the decrease in Pt redeposition as 
hypothesised in a previous study, whereas the transition metal is typi-
cally not affected by this phenomenon [43]. Therefore, one should keep 
in mind that the assessed dissolution, and consequent stability, can be 
underestimated or overestimated while using online-ICP-MS studies, if 
one does not, for instance, also consider the impacts of the measurement 
conditions on the redeposition of Pt. This also includes our previously 
studied effect of temperature on the metal dissolution where a higher 
electrolyte temperature has been shown to result in an increased rede-
position of Pt as well [44]. Nevertheless, the comparison of various 
electrocatalysts within the same EFC-ICP-MS setup using the same 
measurement conditions will still provide for highly valuable stability 

Fig. 4. Comparison of the dissolution profile of Pt (black) and Co (red) in the S-cell with two different flow rates; 400 μL/min and 600 μL/min. a) During 2 cycles 
between 0.05 and 1.2 VRHE at 10 mV/s (cycles number 2 and 3 are shown). b) During 5 cycles between 0.05 and 1.2 VRHE at 50 mV/s. 

Table 3 
Dissolution of Pt and Co in S-cell with different flow rates. The errors are based on 3 measurements under the conditions reported in Figure 3. The cycles number 2 and 
3 were integrated in the case of slow cycling.   

Pt dissolution for 2 slow cycles (ng) Co dissolution for 2 slow cycles (ng) Pt dissolution for 5 fast cycles + OCP (ng) Co dissolution for 5 fast cycles + OCP (ng) 

400 μL/ 
min 

2.3 ± 0.17 1.56 ± 0.11 1.72 ± 0.13 0.7 ± 0.05 

600 μL/ 
min 

1.89 ± 0.14 1.42 ± 0.11 1.08 ± 0.08 0.92 ± 0.07  
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trends. Additionally, the lower internal volume and subsequent lower 
redeposition leads to sharper peaks, especially for Pt and at a high scan 
rate. Indeed, the Pt anodic dissolution peak (labelled by 2 in Fig. 3) 

becomes more visible while using a lower internal volume for the cell 
(Fig. 5e and 5g). Although the effect is observable in both cases, it is 
more observable in the S-cell than L-cell. However, it is difficult to 

Fig. 5. Comparison of the dissolution profile of Pt (black) and Co (red) while modifying the internal volume of the cell. The comparison was performed on both L-cell 
(a, b, e and f) and S-cell (c, d, g and h). a) and c) During 2 cycles between 0.05 and 1.2 VRHE at 10 mV/s (cycles number 2 and 3 are shown). b) and d) During 5 cycles 
between 0.05 and 1.2 VRHE at 50 mV/s. 

Table 4 
Dissolution of Pt and Co in two different setups and during different protocols. The errors are based on 3 measurements under the conditions reported in Figure 4. The 
cycles number 2 and 3 were integrated in the case of slow cycling.   

Pt dissolution for 2 slow cycles 
(ppb) 

Co dissolution for 2 slow cycles 
(ppb) 

Pt dissolution for 5 fast cycles + OCP 
(ppb) 

Co dissolution for 5 fast cycles + OCP 
(ppb) 

L-HIV- 
cell 

422 ± 111 230 ± 46 205 ± 30 99 ± 19 

L-LIV-cell 848 ± 9 223 ± 26 707 ± 114 87 ± 1 
S-HIV- 

cell 
343 ± 45 234 ± 31 257 ± 41 107 ± 10 

S-LIV-cell 905 ± 107 227 ± 19 680.8 ± 120 102 ± 9  
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quantify the improvement in resolution for this peak as it is not properly 
resolved in both L-cells as well as in the S-HIV-cell. The width at half 
maximum of the peak cannot be accurately determined due to the high 
baseline. Similar effect is observed for Co with a clearer separation be-
tween the anodic and cathodic peaks in the case of S-cell, particularly at 
a higher scan rate (Fig. 5a–d). This highlights the importance of low cell 

volume to limit the redeposition. 
In order to understand these behaviours, 3D modelling of the cell has 

been performed where the flow velocity inside, and the Pt ions con-
centration at the working electrode were calculated. Firstly, the hy-
drodynamic behaviour of the cell has been studied, in particular, the 
volumetric flow rate and cell volume were varied. The model 

Fig. 6. Pt ions concentration at the WE surface and its close vicinity at the time of 115 s (corresponding to 1.2 V, the highest value of potential in the experiments) (a- 
d). Evolution of concentrations at the WE (cWE, green curve, left y-axis) and at the outlet (cout, blue curve, right y-axis) in time for the two cell geometries and two 
flow rates (e-h). 
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(Figure S9) confirms that velocity rises with increasing flow rate and 
decreasing thickness. 

Pt concentration on the WE surface and its vicinity is shown in 
Fig. 6a–d and it follows a similar trend as the velocities shown in 
Figure S9. In particular, the concentrations are lower in the LIV cells 
due to higher local velocities inside the cell. Similarly, a higher flow rate 
also results in a lower surface concentration. It is worth emphasising 
here that the Pt dissolution rate was considered the same in all studied 
cases, although it is known that the concentration of dissolved species in 
the electrolyte has a direct effect on its dissolution rate (or equilibrium 
potential) via the thermodynamic relationship described by the Nernst 
shift [48]. In principle, a higher concentration of Pt ions in the elec-
trolyte will slow down Pt dissolution from the catalyst and at the same 
time also cause more Pt to redeposit [49]. Thus, catalyst will seem more 
stable. 

In Fig. 6e–h, time evolutions of average WE surface concentrations 
and outlet concentrations are plotted. The graph shows that the outlet 
concentrations change notably with the variation of flow rate and only 
slightly depend on the cell thickness. As for the WE, higher cell volume 
and lower flow rate result in higher surface concentrations. Therefore, it 
seems that the difference of measured Pt ions with various flow rate 
(Fig. 4) is mostly attributed to the difference in Pt ions amount reaching 
the EFC outlet, namely some Pt stays in the cell and redeposits. On the 
other hand, the difference in internal volume clearly leads to a differ-
ence in concentration on the WE at both the maximum potential (Fig. 6, 
at 1.2 VRHE) and lower potential (Figure S10, at 0.05 VRHE). Conse-
quently, a higher amount of Pt ions is available for higher volume as well 
as lower flow to redeposit on the WE electrode instead of reaching the 
outlet of the cell and the ICP-MS detector. 

Additionally, Fig. 7 shows how the flow affects the space distribution 
of concentration in a vertical plane in the middle of the cell. The con-
centrations in the LIV-cell are distributed in a ribbon-like manner, and 
the ions flow directly to the outlet channel, whereas the HIV-cell con-
centrations are more spread out and reach the parts right of the outlet. 
Similarly, the distribution of the streamlines of the flow supports the 
concentration distribution related to the different cell thicknesses 
(Figure S11). 

Afterwards, the values of cfinal are compared to the experimental 
results. Table 5 shows the values of cfinal calculated for the two 

geometries and two flow rates. Regarding the effect of the electrolyte 
flow rate, the resulting model ratio cfinal(600 μl min− 1)

cfinal(400 μl min− 1)
= 0.67 regardless of 

the cell thickness. However, Table 3 shows the experimental results for 
the two flow rates, providing a notably different ratio of cfinal(600 μl min− 1)

cfinal(400 μl min− 1)
=

0.82. This suggests lower amount of dissolved Pt during the experiments 
with a higher flow rate. Presumably, higher velocity along the WE sur-
face would lead to faster transport of dissolved Pt from the electrode, 
resulting in lower surface concentrations, and thus lower inhibition of Pt 
dissolution or further lower redeposition. Consequently, the ratio would 
be higher. However, a purely hydrodynamic model cannot explain this 
behaviour fully, and the kinetics of Pt dissolution and redeposition and 
the limits of detection by ICP-MS also play a role. 

As for the effect of different cell volumes, Table 4 shows the 
respective experimental results, and for the two-cycle experiments, the 
HIV outlet concentrations are less than half of the corresponding LIV 
ones. The model results in Table 5 show that it was not caused by the 
hydrodynamics of the flow and hypothetical Pt ion accumulation in the 
cell. A plausible explanation lies, again, in the effect of Pt concentration 
at the WE surface on the kinetics of Pt dissolution and redeposition. 
Furthermore, the experimental results agree well with the WE surface 
concentrations in Fig. 6a–d where thinner cells exhibited lower values. 

As the last step, we have decided to combine the lessons learned and 
demonstrate the added value of the improved system (short setup with a 
thinner gasket) by evaluating the metal dissolution of the experimental 
Pt-Co electrocatalyst under potential windows that are more relevant to 
the FC operation. Namely, this included cycling of the evaluated elec-
trocatalyst between 0.85 VRHE and a lower potential that was varied 
from 0.7 to 0.4 VRHE. Dissolution data at such voltage windows is of 

Fig. 7. Pt ion concentrations field along the vertical middle plane across the cell. a) In LIV-cell at 400 μL/min. b) In LIV-cell at 600 μL/min. c) In HIV-cell at 400 μL/ 
min. d) In HIV-cell at 600 μL/min. 

Table 5 
Final integrated Pt concentration from the model for the two cell volumes and 
two volumetric flow rates, calculation described in the Supplementary Infor-
mation (Equation S6).  

Cell and flow rate Cfinal (ppb) Cfinal (10− 2 mol/m3) 

LIV 400 439 2.43 
LIV 600 293 1.62 
HIV 400 439 2.43 
HIV 600 293 1.62  
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particular importance in understanding the degradation mechanisms of 
Pt-based electrocatalysts that correspond more closely to the FC stack 
operating conditions. Fig. 8 shows the comparison of Pt and Co disso-
lution in the two different setups (both ends of the ‘extreme’), i.e. L-HIV- 
cell and S-LIV-cell. In the case of the experiment with L-HIV-cell, only 
one peak of dissolution was observed for both Pt and Co (Fig. 8a) albeit 
at a lower potential limit a shoulder becomes visible in the Co dissolu-
tion profile. The observed peak (1) is related to the cathodic dissolution 
process with the Pt going away and followed by the unprotected Co 
dissolving as a consequence (1′). Similarly to the dissolution mechanism 
observed while cycling in a wider potential window (Fig. 2), the second 
peak/shoulder in Co dissolution (2′) is attributed to oxidation-related 
dissolution. In the wide potential window experiment, a Pt dissolution 
peak was visible in both setups which then induced the Co dissolution. 
On the other hand, the FC relevant experiment presents only a transition 
metal dissolution shoulder for the anodic part of the scan. This peak has 
been previously reported for Ni and Cu [14]. On the other hand, the 
S-LIV-cell allows us to detect the Pt anodic dissolution peak for the first 
time for such narrow potential windows (peak 2 in Fig. 8b). Neverthe-
less, the dissolution amounts in the two setups are fairly similar 
(Table 6). The signal integration for six cycles was performed on the 
three cycles between 0.85 and 0.65 VRHE as well as the three cycles 
between 0.85 and 0.6 VRHE. It is observed that the dissolution recorded 
in this potential window is similar for both metals in the two setups. 
However, the signal for the full protocol results in more Pt dissolution in 
the S-LIV-cell. This is in accordance with the previous results (Figs. 2–4) 
that suggested that the redeposition of Pt is hindered significantly in the 
S-LIV-cell. Fortunately, it also means that cycling in the FC range leads 
to trustable results as long as the range does not reach the Pt deposition 
potential. Therefore, more distinct separation of peaks was observed 
with the S-LIV-cell, even at FC operational potential window. The 
improved dissolution signal allows for a better understanding of the 
dissolution processes in FC device, with both anodic and cathodic peaks 
revealed. 

4. Conclusion 

In conclusion, we have showcased that optimisation of the EFC-ICP- 
MS setup leads to improved results by limiting the redeposition of Pt 
ionic species and diffusion of dissolved metal species. Firstly, the dead 
time was reduced by decreasing the tubing length between the outlet of 
the EFC and the inlet of the ICP, which provided better-resolved peaks. 
Notably, the separation between the anodic and the cathodic dissolution 
peaks has been improved, leading to an easier interpretation of the 
dissolution mechanism, even at higher scan rates. Additionally, peaks 
that previously appeared as shoulder using the L-cell are now distinctly 
visible with the S-cell. Furthermore, it has been confirmed that the two 
dissolution processes are occurring even at the narrow FC operational 
potential window. On the other hand, a lower internal volume of the cell 
limits the redeposition of Pt while not affecting the Co signal. Namely, 
the recorded Pt dissolution has been improved by a factor of 2.5. The 
difference in Pt ions concentration at the working electrode as well as 
the flow rate impact on the hydrodynamic flow were also studied by 
dynamic continuum mechanics modelling to confirm that the observed 
dissolution differences between setups were due to the redeposition of 
Pt. Overall, the optimised setup (short tubing low internal volume cell – 
S-LIV-cell) can now better resolve the dissolution mechanisms and can 
also be used to reliably compare different catalysts; however, one must 
do it with the same setup or in narrow potential windows where little 
redeposition is taking place. Nonetheless, it has been found that modi-
fying the flow of the electrolyte, which should result in a lower rede-
position and potentially higher resolution, led to a lower signal in the 
ICP-MS. Overall, the highlights of this study can be resumed as: 

• A better resolution can be achieved in the ICP-MS signal by short-
ening the tubing and thus the dead time between the cell and the ICP- 
MS, which limits the diffusion.  

• Lowering the internal volume of the cell hinders the redeposition of 
metal and thus an increased signal can be obtained.  

• Consequently, the dissolution of metals in every EFC-ICP-MS is most 
likely underestimated compared to RDE (but overestimated 
compared to real devices [45]). 

Fig. 8. Comparison of the dissolution profile of Pt (black) and Co (red) during cycles in potential window relevant for real devices. a) Dissolution in the standard 
setup (L-HIV-cell). b) Dissolution in the optimized setup (S-LIV-cell). c) Comparison of Pt dissolution. d) Comparison of Co dissolution. 

L. Moriau et al.                                                                                                                                                                                                                                  



Electrochimica Acta 487 (2024) 144200

11

• New or more precise mechanisms can be revealed with an optimised 
setup.  

• Less aggressive conditions and/or faster cycles can be performed 
with acceptable resolution of the dissolution peaks. Anodic and 
cathodic dissolution are also visible at narrower potential windows. 
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draft. Tina Đukić: Investigation, Writing – review & editing. Vojtech 
Domin: Software, Writing – original draft. Roman Kodym: Software, 
Writing – review & editing. Martin Prokop: Validation, Funding 
acquisition, Writing – review & editing. Karel Bouzek: Funding acqui-
sition, Writing – review & editing. Matija Gatalo: Conceptualization, 
Methodology, Writing – review & editing. Martin Šala: Validation, 
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