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1. Abstract 

Platinum is the state-of-the-art catalyst for hydrogen evolution in polymer electrolyte membrane 

(PEM) water electrolysers; however, its stability has only been characterized to a limited extent in 

situ. This study measures platinum dissolving from the cathode during intermittent operation of a 3-

electrode PEM electrolyser cell, using a differential pulse voltammetry technique that provided 

detection limits for platinum of less than 2 ng L-1. Water samples were periodically taken during on-

off current cycling, and during periods of open-circuit voltage (OCV) platinum dissolution was 

detected when the cathode potential rose above 0.85 V vs NHE due to diffusion of oxygen from the 

anode. This reached a maximum dissolution rate at the highest cathode potential of 1.02 V vs NHE, 

and gradually decayed over a 90 h period. The average total amount of platinum dissolved per 90 h 

OCV period was estimated to be 152 ng cm-2 or 0.005 % of the initial electrode catalyst mass. The 

dissolution mechanism was predicted to be the same as that occurring in PEM fuel cell cathodes, 

although being kinetically hindered in PEM electrolysers by the slow diffusion of oxygen from the 

anode to the cathode.  

Keywords: PEM water electrolyser; Differential pulse voltammetry; ICP-MS; Platinum Dissolution; 

3-electrode cell; Accelerated Stress Test 
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2. Introduction 

One of the essential elements of the ‘Hydrogen Economy’ is the coupling of renewable energy 

resources to water electrolysers. In this way, hydrogen may be produced with very little associated 

carbon dioxide emissions, either from the hydrogen generation process itself or from the electrical 

energy source. When integrated into an electricity grid, electrolysers have a dual function as both a 

hydrogen generation system and as a grid balancing device, operating mainly during periods of 

excess grid electricity [1,2]. Electrolyser systems must therefore be highly resilient to fluctuations of 

power and rapid start-up and shut-down, whilst exhibiting only limited losses in performance [3,4]. 

The most commonly reported method of establishing durability is to monitor cell voltage under 

constant load; under which conditions, state-of-the-art polymer electrolyte membrane water 

electrolysers (PEMWEs) have been shown to exhibit excellent performance [5] with demonstrated 

lifetimes over 20,000 h [6]. The main lifetime limiting factors of PEMWEs under such conditions are 

usually found to be membrane thinning [7,8], poisoning of the membrane or cathode electrocatalyst 

due to metal dissolution and redeposition [9], or loss of performance due to the degradation of the 

anode electrocatalyst [10]. The effect of intermittent operation on the PEMWE and its components 

is, however, less commonly reported, and there seem to be two main reasons for this. Firstly, for 

novel PEMWE materials, in situ constant current measurements of performance are often the only 

necessary test, as immediate comparisons to other materials can be made [11,12]. Durability is much 

less often the subject of study with novel materials. In cases where it is, the performance losses are 

normally large enough that a prediction of lifetime can be extrapolated with accuracy within short 

timeframes [13–17]. Secondly, establishing a load cycling profile that is representative of real-world 

operation is complex, as factors such as operational currents and the frequency of changes in load, 

temperature and pressure may all have to be factored into the profile [18]. Some PEMWE materials 

have therefore not been as intensively studied as components for other systems, such as fuel cells, 

and important new findings are still being made. 

An example of a relevant recent advance is the work of Weiß et al. [19] who determined that 

intermittent operation of a PEMWE causes an increase in contact resistance. This was explained to 



be caused by passivation of the titanium gas diffusion layer, and the surface reduction of the iridium 

oxide Oxygen Evolution Reaction (OER) electrocatalyst to a less electronically conductive hydrous 

iridium oxide species [20]. This work demonstrated that the performance change caused by these 

mechanisms was induced by the open-circuit voltage (OCV) period. Brightman et al. [21] performed a 

similar intermittent operation study, with the focus being on the cathode. It was shown that 

intermittent operation caused a ~30 % loss of electrochemical surface area (ECSA) of the Pt 

Hydrogen Evolution Reaction (HER) electrocatalyst under a voltage cycling regime aimed at 

representing start-stop conditions. Using a PEMWE cell containing an in situ reference electrode the 

study also demonstrated that the cathode potential increased significantly during the OCV period, 

experiencing changes in potential similar to polymer electrolyte membrane (PEM) fuel cell 

electrodes [22]. This finding indicates that the HER electrocatalyst in PEMWEs may be susceptible to 

similar degradation mechanisms to the electrodes in PEM fuel cells: electrochemical Ostwald 

ripening, particle coalescence and agglomeration, dissolution of the Pt electrocatalyst, and 

detachment of the Pt from its carbon support [23–26]. 

The dissolution of Pt electrocatalysts is a well-documented phenomenon in fuel cells, where the 

process of dissolution and subsequent redeposition of Pt results in detectable bands of deposited Pt 

in the membrane [27,28]. Recent studies reporting on the use of inductively coupled plasma-mass 

spectrometry (ICP-MS) by flowing electrolyte in a scanning flow cell ICP-MS (SFC-ICP-MS) have 

demonstrated a powerful new method for measuring dissolution; providing near real-time 

measurements with extremely low limits of detection of dissolution from electrodes under 

electrochemical control [29–31]. SFC-ICP-MS studies with crystalline Pt and nanoparticle Pt/C 

working electrodes have shown that dissolution occurs at potentials close to the Pt-PtOx redox 

potential [32]. This was shown to be a transient phenomenon, with dissolution rates measured at 

the redox potential, then decaying steadily with the further increase or decrease in electrode 

potential. In a series of studies by Topalov et al. [33,34] these findings were further developed and it 

was determined that dissolution occurring during the oxidative sweep was a result of either direct Pt 

dissolution or dissolution of the formed oxide layer. The accompanying, and greater, dissolution rate 

during the reductive sweep was proposed to be due to the formation of sub-surface oxides, 



weakening the Pt – Pt bonds and thus promoting Pt dissolution. The increased depth of the oxide 

layer also was found to cause greater dissolution on reduction. The amount of dissolved Pt was also 

correlated with the electrode scan rate [33]. It was shown that, whilst only a minor correlation 

between the anodic scan rate and the anodic dissolution rate exists, there is a strong negative 

correlation between the cathodic scan rate and cathodic dissolution, with a six-fold increase in 

dissolution when the scan rate was reduced from 500 mV s-1 to 5 mV s-1.  

Real-time measurement of dissolution in electrochemical systems has proved to be a step-change in 

this field of research; however, because of complexity and high cost, in-line ICP-MS is not a readily 

available technique. In this study, we instead present Pt dissolution data measured by differential 

pulse voltammetry (DPV) using a hanging mercury drop electrode (HMDE) [35–37]. When an 

aqueous solution containing dissolved Pt is mixed with formaldehyde and hydrazine and an 

appropriate potential is applied to the HMDE (known as the pre-concentration step), an adsorbed Pt 

complex is formed on the mercury surface that catalyses the HER. The potential of the HMDE is then 

swept in the negative direction, where the maximum rate of HER is observed as a current peak (the 

catalytic wave) correlating to the amount of Pt adsorbed on the mercury surface and therefore the 

concentration of dissolved Pt in the sample [38]. The concentration is then determined by the 

method of standard additions. This DPV method is capable of detecting concentrations in the ng L-1 

range [35], which is comparable to ICP-MS but at a fraction of the capital and operational costs, and 

also does not require training beyond that of typical practical electrochemistry. The DPV technique 

was used in this work to detect and quantify the effect of operational and OCV conditions on the 

dissolution of Pt from the HER electrocatalyst in the cathode of a conventional PEMWE. Although 

platinum black (PtB) is rarely used as the cathode catalyst in commercial PEMWE systems, it was 

chosen for this investigation over the more commercially relevant Pt/C, so that Pt losses arising from 

carbon support corrosion did not need to be considered. In this report, the electrolyser tests were 

performed with an ambient pressure PEMWE cell containing a Luggin capillary (a design modified 

from that reported on by Brightman et al. [21]), which allowed the separation of the PEMWE cell 

voltage into the anode and cathode potentials. As a first test, the cathode was held at a series of 

potentials increasing stepwise between -0.07 V and 1 V NHE, a range equal to the cathode potential 



range at OCV shown in the report by Brightman. Outlet water samples were taken from the cathode 

at each potential step, and these samples were quantified both by DPV and ICP-MS for platinum 

dissolution. Secondly, on-off current cycles were performed on the PEMWE cell. Water samples here 

were taken from the cathode periodically during both operation and OCV. Pt dissolution in these 

samples was quantified by DPV only.  

This work reports a number of important findings for the field of electrocatalysts in PEM 

electrolysers. To the best of our knowledge, this is the first time that DPV has been used to quantify 

electrocatalyst dissolution from an electrochemical device. This is also the first reported case of 

quantified Pt dissolution from an operating PEMWE cell. The findings show that whilst Pt dissolution 

from the Pt electrode is not expected to be a lifetime limiting factor with the loadings used in this 

report, at loadings more typical of state-of-the-art PEM electrolysers and future Pt-thrifted electrode 

formulations [5] dissolution may become a greater concern. The dissolution rates observed in this 

report may therefore be seen as the lower bound of estimated Pt loss from the electrode during 

OCV. These results may also act as a guide for the development of PEM electrolyser accelerated 

stress tests (ASTs), which are designed to cause degradation representative of long-term operation 

within a short timeframe [39]. These results show that Pt dissolution needs to be considered when 

developing an AST, and that to be representative of cathode degradation under normal operation 

the AST must be based on OCV rather than voltage control.  

3. Experimental 

3.1. Catalyst ink and Catalyst Coated Membrane (CCM) production 

Both PtB and iridium oxide inks were made following the same recipe. 1 g of PtB (Sigma Aldrich 

520780, 25-34 m2 g-1) or iridium oxide (Alfa Aesar 43396) was mixed with 1 mL deionised water 

(18.2 MΩ cm) and 0.01 g polyacrylic acid solution (Sigma-Aldrich 52395, 35 wt % in water). The slurry 

was then stirred until the catalyst was fully wetted. To this, 5 g of Nafion dispersion was added 

(D521, 5 wt % Nafion dispersion in 45 % water) and mixed so that a ratio by mass of 4:1 catalyst: 

Nafion solids was achieved. This mass ratio was chosen as it volumetrically has approximately similar 



ratios to the more standard Pt/C: Nafion ratios, which are more commonly around 2:1 [40]. After 

further mixing, 4 mL more deionised water was added, followed by 5 mL isopropyl alcohol (IPA, 

Sigma Aldrich W292907). The ink was then dispersed in an ultrasonic bath for a minimum of 30 

minutes. 

 

Catalyst inks were hand-sprayed using a Spraycraft SP30KC spray gun onto pre-weighed 5 mil (127 

µm) glass-reinforced Teflon sheets on a hotplate set at 90 oC. A 5 cm2 circular mask was placed over 

the Teflon sheet in order to produce a defined spray geometry. During spraying the substrate was 

periodically weighed on a 4-point analytical balance to give an accurate measure of the mass gain 

and hence the catalyst loading. Once the appropriate catalyst loading had been achieved, a 16 cm2 

Nafion 117 membrane (Fuel Cell Store 591239) was sandwiched between the sprayed catalyst layers, 

with a further Teflon substrate and a pressure distributing felt backing each catalyst-sprayed Teflon 

sheet. This sandwich was placed into a hot press (Bungard) at 140 oC. A pressure of 6 bar was applied 

for 5 minutes, after which the composite was removed from the press and left to cool. The Teflon 

layers were peeled off the Nafion, leaving the catalyst layers laminated on the Nafion membrane to 

produce the CCM. The CCMs were then soaked in 125 mL 0.5 M H2SO4 for a minimum of 24 h before 

use. Final CCM loadings were determined to be 3 mg cm-2 IrOx and 3 mg cm-2 PtB. 

 

3.2. PEMWE cell testing 

Details of the 3-electrode PEMWE cell design can be found in the supporting information (S.I.1). 

Electrochemical impedance spectroscopy (EIS) measurements were taken at a series of current 

densities in order to determine iR drop (S.I.2). No significant iR drop was evident, so the 

electrochemical measurements in this report have not been iR corrected. Electrochemical tests were 

controlled by a Gamry Interface 5000 potentiostat. Both anode and cathode were fed continuously 

with deionised water (18.2 MΩ cm), preheated so that the inlet water temperature was 60 °C, at a 



rate of 5 mL cm-2 min-1 throughout each test. Water samples at the cathode inlet and outlet were 

taken periodically for DPV and ICP-MS analysis. Unless otherwise stated, all potentials in this work 

are reported against the normal hydrogen electrode (NHE). 

Tests at constant cathode potential were performed to produce water samples for the comparative 

ICP-MS and DPV analysis, and to provide a comparison with the OCV tests. The 3-electrode design of 

the PEMWE cell allowed the cathode potential to be directly controlled while flushing the anode 

with nitrogen-purged water. The cathode was held at a series of potentials against the reference 

electrode increasing stepwise from -0.07 V to 1 V, with each potential being held for 2 minutes in 

order to produce enough water sample to be tested by both ICP-MS and DPV.  

The OCV tests consisted of a period of operation at 1 A cm-2  for 1 h (1 A cm-2 pre - OCV), followed by 

OCV for 72 h, followed by operation at 1 A cm-2 for a further 1 h (1 A cm-2 post-OCV). The cathode 

potential was monitored with time during the OCV tests. Cyclic voltammetry (CV) measurements 

were performed before and after the OCV test under the same conditions in order to investigate any 

changes in electrochemical performance of the cathode. CV was performed at 20 mV s-1 between the 

cathode and reference electrode between 0.03 V and 1 V NHE. The OCV test was performed three 

times in sequence on the same CCM, with the complete data set available in S.I.4. 

3.3. DPV technique 

DPV of Pt was performed on a VA 797 Computrace (Metrohm UK). The electrochemical cell consisted 

of an HMDE working electrode, Ag/AgCl reference electrode and glassy carbon counter electrode. 

The supporting electrolyte consisted of 0.7 M sulfuric acid (Sigma Aldrich 339741), 6.7 mM 

formaldehyde (Sigma Aldrich 252549) and 3 mM hydrazine sulfate (Sigma Aldrich 455865). 1.5 mL of 

supporting electrolyte was pipetted into the electrochemical cell with 9 mL deionized water (18.2 

MΩ cm) and 1 mL of sample. The hydrazine reduces any Pt(IV) species to Pt(II), and the reaction of 

hydrazine and formaldehyde forms formaldehyde hydrazone, which can complex Pt(II) to form a 

positively charged Pt(II) - hydrazone complex. The voltammetric technique for the determination of 



Pt concentration comprises pre-concentration of the Pt complex by adsorption on the surface of the 

HMDE, followed by DPV in the HER region. The experimental parameters for the test are given in 

Table 1. For quantification of dissolved Pt concentration the method of standard additions was used; 

two DPV sweeps were taken at the initial concentration, followed by two sweeps with one standard 

addition of 10 µL of 1 µg L-1 Pt solution, followed by a further two sweeps with a final addition of the 

same concentration and volume. From this the initial concentration was calculated from a line of 

best fit. Representative DPV sweeps and the line of best fit can be found in S.I.3. 

Table 1. Experimental parameters for the determination of dissolved Pt concentration by DPV. 

Parameter  

Pre-concentration step  
        Stirring rate, r 600 rpm 
        Pre-concentration potential    -0.6 V (Ag/AgCl | 3 M KCl) 
        Pre-concentration duration 
        Equilibration duration 

120 s 
10 s 

DPV sweep  
       Start potential 
       End potential 
       Potential step 
       Step time 
       Sweep rate 
       Pulse amplitude 

-0.6 V (Ag/AgCl | 3 M KCl) 
-1.1 V (Ag/AgCl | 3 M KCl) 
0.006 V 
0.3 s 
0.02 V s-1 
0.05 V 

Characteristic catalytic wave potential -0.88 V (Ag/AgCl | 3 M KCl) 

Due to the recirculation of the cathode water all samples taken at the inlet contained a background 

concentration of Pt of order ≈7 ng L-1. To determine the concentration arising from Pt dissolution 

from the catalyst layer, the values measured at the cathode outlet were corrected by subtracting the 

concentration measured at the cathode inlet immediately prior to the cathode outlet measurement. 

This corrected value was then converted into a Pt dissolution rate (ng cm-2  h-1) with respect to the 

geometric surface area of the CCM. 

3.4. ICP-MS 

The DPV results were compared against results obtained from ICP-MS measurements (Varian 820-

MS, USA). The samples were conditioned with 1 % HNO3 to stabilise elements in the solution, and 



were calibrated against PtCl62- standards of 0.2 – 20 ng L-1. Further details on the calibration can be 

found in S.I.3. 

4. Results and discussion 

4.1. Comparison of ICP-MS and DPV 

Cathode potential hold tests were performed at potentials ranging from -0.07 V (the potential of the 

cathode during operation at 1 A cm-2) to 1 V (the maximum potential that the cathode reaches 

during OCV). This range was determined by the OCV plot in the report by Brightman et al. [21], and 

was here explained to be due to the diffusion of oxygen through the membrane from the anode. The 

OCV plot in this report (Figure 2) gave a similar cathode potential transition. Samples of outlet water 

were taken and their Pt concentration was measured by both ICP-MS and DPV, as shown in Figure 1. 

It is clear from the size of the error bars that the typical concentration of Pt arising from cathode 

dissolution was too low for meaningful quantification by the available ICP-MS. In contrast, DPV was 

able to quantify Pt dissolution at this level, making this technique well-suited for quantification of 

dissolved Pt in PEMWEs. A limit of detection test, shown in Figure S.I.4, similarly demonstrates that 

DPV was sensitive to Pt(IV) species at concentrations as low as 2 ng L-1, but ICP-MS was only sensitive 

from 50 ng L-1 upwards. Unlike ICP-MS, the DPV technique is not sensitive to Pt(0) however, and 

cannot therefore detect Pt lost by erosion, or corrosion of the electrode support (if one were to be 

used, i.e. Pt/C). Although there are high associated standard deviations with ICP-MS results in Figure 

1, and so any difference between ICP-MS and DPV values cannot be determined with any statistical 

significance here, the generally higher recorded dissolution values may be an indication of the 

contribution of Pt(0) to the ICP-MS recorded dissolution value. It should be noted here that this 

comparison concerns only the two specific instruments used in this work, and should not be taken as 

a general comparison between ICP-MS and DPV for Pt sensitivity. The ICP-MS device used here has 

higher limits of detection in comparison to state-of-the-art ICP-MS instruments, which may be in the 



range of 0.001 - 0.1 ng L-1 [41]. Likewise, the sensitivity of the DPV measurements may be improved 

upon, and the limits quoted here do not represent absolute detection limits. A similar comparison 

study on biological samples was performed by Zimmerman et al., who reported limits of detection 

for Pt of 1 ng L-1 using ICP-MS and 0.13 ng L-1 for DPV [42]. 
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Figure 1. Dissolved Pt concentration in PEMWE cathode water as a function of cathode potential, measured by ICP-MS 

and DPV. Note that for the cathode outlet measurements from -0.07 V to 1 V, the background Pt concentration at the 

cathode inlet has been subtracted. The error bars represent the first standard deviation. With the ICP-MS results, the 

standard deviation is based on the average of 5 separate measurements. With the DPV results, the standard deviation is 

the standard deviation of the line of best fit, which was measured from 6 points. Note the samples were taken 

immediately after potential change, and so for -0.07V the high dissolution value can be explained to be a transient 

effect. This effect is also shown in Figure 3c. 

 

Figure 1 also shows that the Pt concentration of the outlet water at a cathode potential of -0.07 V is 

significantly higher than samples taken at the other potentials. The cause of this is the same as that 

shown in Figure 3c; a high but rapidly diminishing concentration of Pt is measured from the onset of 

operation. The -0.07 V sample was taken after only 1 minute of operation, and so is high for the 



same reasons. The underlying cause of this high initial Pt concentration is discussed in the following 

section. 

4.2. OCV test 

The evolution of cathode potential with time during the OCV test is shown in Figure 2 (red line), with 

the anode potential and cell voltage also included for reference. In this setup, with water flowing at 

the cathode, the cathode potential during operation at 1 A cm-2 was -0.07 V. Upon commencement 

of the OCV period, the potential increased from -0.002 V to 1.02 V in about 5 h and remained steady 

at this high potential for the remainder of the 72 h period. This was found to be repeatable for the 

three OCV tests performed, as shown in Figure S.I.8.  
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Figure 2. Evolution of cathode potential, anode potential and cell voltage with time during the OCV test. The electrolyser 

was operated at 1 A cm-2 for 1 h, followed by a 72 h OCV period, followed by operation at 1 A cm-2 again for 1 h.  
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Figure 3. Platinum dissolution rate from the PEMWE cathode during OCV test 1. Shown in (a) is the dissolution rate from 

the full duration of the OCV test with (b) showing the rate during the first 10 h. The cathode potential is shown in red. (c) 

is the Pt dissolution rate from the onset of operation at 1 A cm-2 immediately after the OCV period. The dotted line is the 

best fit to the data, and details of this fitting can be found in S.I.5. The dissolution dataset on all three OCV plots can be 

found in S.I.4. 

 

 



The rate of Pt dissolution from the cathode during the OCV portion of OCV test 1 is shown in Figure 

3a and b. From the onset of the OCV period every measurement showed net Pt dissolution (i.e. the 

outlet concentration of Pt was always higher than the inlet concentration). During the first 1.5 h of 

OCV, the dissolution rate was measurable, but the standard deviations of the individual 

measurements were too large for it to be stated with confidence that the dissolution rate was 

positive. However, it can be assumed that the dissolution rate is constant during this period (i.e. no 

other dissolution mechanism is occurring), and so the dissolution values in this period may be 

averaged. In the case of OCV test 1 the dissolution rate was 0.51 ng cm-2 h-1, with a lower confidence 

interval of 0.34 ng cm-2 h-1 and upper confidence interval of 0.68 ng cm-2 h-1. Following on from this 

constant rate, dissolution increased to a maximum after approximately 5 h and then decayed slowly 

over the remainder of the 72 h OCV period. This maximum in dissolution rate coincides with the 

attainment of a steady-state cathode potential due to diffusion of oxygen from the anode. Plotting 

the dissolution rate as a function of cathode potential, in Figure 4, indicates that the onset of 

dissolution occured between 0.85 V - 0.90 V, which is in good agreement with SFC-ICP-MS literature 

[33]. 
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Figure 4. Pt dissolution as a function of increasing cathode potential in a PEMWE. Data taken from OCV test 1. Similar 

trends are observed for all three OCV tests (Figure S.I.10). 

 

The Pt dissolution rate was also measured during operation at 1 A cm-2
 immediately following the 

OCV period (Figure 3c). At the onset of operation, the rate of Pt dissolution was an order of 

magnitude higher than the maximum rate at OCV, but then decayed rapidly within approximately 30 

minutes. There are two potential explanations for this additional dissolution phenomenon. Firstly, as 

the cathode has built up a surface Pt-oxide layer during the OCV period, the switch to the cathodic 

potential of operation could invoke dissolution due to reduction of the oxidised Pt surface and the 

competition between this and surface dissolution [33]. However, this effect is only significant at low 

sweep rates and in PEMWEs, with the extremely rapid potential step in cathode potential from OCV 

to operation, a large dissolution rate caused by this mechanism would not be expected. A second, 

and more likely explanation is that this instantaneous increase in apparent dissolution rate is an 

artefact caused by the displacement of the higher Pt concentration solution in the GDL by the 

evolution of hydrogen gas produced at the start of operation. This could also explain the higher 

apparent dissolution rate during the brief operation period at a constant potential of -0.07 V (Figure 

1).  



 

4.3. Effect of Pt dissolution on electrode lifetime 

The Pt dissolution data, as shown in Figure 3 and Figure S.I.9, make it possible to estimate the 

lifetime of the PtB electrode under the given test conditions. The dotted lines in these Figures show 

a best-fit estimate of the OCV Pt dissolution fitted to a pulse profile, and an exponential decay 

function fitted to the dissolution at the onset of operation (see S.I.5 for fitting details). The following 

calculations were made using the averaged pulse profile of the OCV dissolution profiles (see Figure 

S.I.9d). This fitting was made with two considerations. Firstly, it was assumed that the background 

dissolution rate was constant throughout the OCV and operation period, and was unaffected by 

cathode potential or the increase in the concentration of dissolved Pt close to the electrode surface. 

Secondly, as the Pt averaged dissolution rate at OCV was still statistically significant after 72 h, the 

best-fit profile and confidence ranges were extended to the point at which the lower confidence 

interval reached the averaged background dissolution rate of 0.49 ng cm-2 h-1. This is the point at 

which it can no longer be stated with confidence that potential-induced Pt dissolution is still 

occurring. In the case of the averaged profile in Figure S.I.9d, this was determined to be 90 h.  

Integration of the averaged OCV dissolution profile gives the total amount of Pt dissolved per cm2 for 

each OCV test. This gave a mean value of 152 ng cm-2, with lower and upper confidence intervals of 

80 ng cm-2 and 214 ng cm-2 respectively. For this particular CCM/PtB combination, the percentage of 

Pt lost from the electrode during an OCV period lasting 90 h is around 0.005 %. This corresponds to 

about 20,000 on-off cycles until complete Pt dissolution, although the performance loss of the 

electrode would be likely to precede this as a certain amount of Pt is of course needed for adequate 

HER kinetics. It should be noted that this value does not take into account Pt lost by mechanical 

means and cannot be correlated to catalyst layer performance losses by Ostwald ripening or particle 

agglomeration [43]. 

The dissolution rates observed in Figure 3, and the ensuing calculations, should not be used as an 

absolute reference for the predicted Pt electrode lifetime, but they do serve a useful purpose in 



highlighting the substantial effect that different intermittent operational regimes may have on the Pt 

electrode.   

The amount of Pt dissolved during on-off cycling will naturally depend on the duration of the OCV 

period, with less Pt dissolved per cycle with a shorter OCV period. However, with the OCV period 

being shorter, the time taken for a complete on-off cycle is reduced accordingly. In principle, the 

duration of operation is also a factor that can influence lifetime due to the operational background 

dissolution rate, measured at 2.31 ng cm-2 h-1 for these particular conditions. However, the total 

amount of dissolved Pt measured under the peak during operation (Figure 3c) is relatively small at 

only 1.5 ng cm-2
, and so does not contribute significantly to the overall dissolution. As the Pt 

dissolution rate at OCV is not constant, the duration of the OCV period has an impact upon how 

rapidly over time Pt dissolves, which has implications for the overall lifetime of the cathode. An 

estimation of the time averaged dissolution rate from the PtB electrode under a range of on-off 

operational regimes is given in Figure 5. From extrapolation of the average dissolution and operation 

dissolution data, the most damaging intermittent operation mode is a cycle of operation for 0.01 h 

(the shortest duration calculated), followed by an OCV period of 7.9 h. This provides an average 

dissolution rate of 3.60 ng cm-2 h-1 with lower and upper confidence intervals of 1.76 and 5.88 ng cm-

2 h-1 respectively. Conversely, the mode of operation which will reduce the degradation the most, 

and hence extend lifetime by the greatest extent, is an operation period of 0.01 h followed by an 

OCV period of 0.2 h. In this case the average dissolution rate is 0.59 ng cm-2 h-1 with lower and upper 

confidence intervals of 0.45 and 1.33  ng cm-2 h-1 respectively. Such short operational periods are not 

reflective of realistic operational conditions, however the dissolution rate is found to be relatively 

insensitive to the operational duration and is much more dependent on the OCV duration. With an 

operation period of 1 hour, the maximum dissolution rate is on average 3.48 ng cm-2 h-1 with lower 

and upper limits of 1.73 and 5.62 ng cm-2 h-1
 respectively. Only at much longer operation times (>10 

h) does the operation time substantially alter the average dissolution rate.  
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Figure 5. Average Pt dissolution rate as a function of the duration of operation versus the duration of the OCV period. 

The dissolution rate during operation is constant, but dissolution at OCV is dependent on the potential and duration of 

OCV. In the case of the PtB OCV test the most damaging on-off regime was found to be a short operation (<0.01h) 

followed by a 17.9 h OCV period. The average dissolution rate at this point is 3.60 ng cm-2 h-1
. Performing the same 

analysis against the lower and upper confidence intervals of the plot (Figure S.I.9d) gives 1.76 ng cm-2 h-1 and 5.88 ng cm-2 

h-1 respectively. 

 

If it were assumed that Pt dissolution is the only degradation mechanism occuring on the CCM, and 

that performance loss would only occur once the Pt has completely dissolved from the cathode, then 

the lifetime of the CCM tested in this report (3 mg cm-2 PtB) is estimated to be 95 years, with a lower 

and upper confidence limit of 58.3 and 194 years, respectively. With reduction of the Pt to a more 

commercially relevant loading (0.5 mg cm-2 Pt for example [5]) dissolution may become a more 

significant degradation mechanism, with the estimated time for complete dissolution at 16 years 

instead. This estimation however does not take into account the minimum required Pt loadings for 

adequate performance, and does not account for the other degradation mechanisms which may also 

reduce ECSA. 95 years of lifetime may therefore stand as an upper limit of lifetime for the 3 mg cm-2 



Pt cathode in this report and 16 years for a cathode at 0.5 mg cm-2. These results are of importance 

when developing accelerated stress tests (ASTs) which mimic long-term degradation of the PEMWE 

within short timeframes. As can be seen here, a short duration of OCV seems to cause the least Pt 

loss by dissolution and therefore gives the longest lifetime estimate. Under the conditions studied in 

this work, the most damaging AST would be one that operates the cell for a very short time period 

and then holds the cell at OCV for 7.9 h. In comparison to an OCV period of 10 min, the degradation 

by Pt dissolution during a 7.9 h OCV period is accelerated by a factor of 5. 

 

A further complication when considering AST development is the method by which the cathode 

potential is controlled during the off period of the cycle. There are two possible ways to manipulate 

the cathode potential during this period: through OCV, where the cathode potential is free to adjust 

depending on the balance of hydrogen and oxygen concentrations at the electrode surface; or 

potential control, where the cathode potential is held constant by an external source, such as a 

potentiostat. At OCV, the cathode potential rises to more oxidising potentials due to diffusion of 

oxygen from the anode (Figure 2), while under potential control it is often fixed [21].  
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Figure 6. Comparison of Pt dissolution rates for the cathode at OCV and under potential control. The data in this graph is 

a combination of the potential control data in Figure 1 and OCV data in Figure 4. 



 

Comparison of Pt dissolution rate at OCV versus dissolution under potential control is given in Figure 

6. Under potential control, the dissolution rate does not show the same marked increase above 0.9 V 

that is evident in the OCV plot. This therefore shows that, despite being at similar potentials, the 

early stages of OCV where the cathode potential rises induces a greater rate of dissolution than the 

equivalent potential under potential control. This does not mean that no transient dissolution 

process occurs under potential control, as the resolution of the sampling (1 sample at each potential 

after holding for 1 minute) will have precluded observation of such a peak. However, the lack of 

onset of increased dissolution with increasing potential under potential control is in agreement with 

SFC-ICP-MS reports [33,44]. The cause of the greater dissolution during OCV is expanded on in 

Section 4.5. 

4.4. PtB surface changes 

CV measurements of the PtB electrode reveal interesting structural changes occurring as a result of 

the OCV test. Shown in Figure 7 are CV measurements taken before the OCV test 1 (BoT) and after 

(EoT). Measurement of the electrochemical surface area (ECSA) from the integration of the hydrogen 

underpotential deposition (Hupd) peaks shows that the OCV period had an impact upon the ECSA, 

which decreased from 319 cm2
Pt cm-2 to 261 cm2

Pt cm-2, approximating an 18 % loss of the active 

surface area. It can furthermore be seen that the magnitudes of the Hupd peaks corresponding to 

hydrogen adsorption at the Pt(100) step sites were proportionally more reduced in comparison to 

Pt(110), indicating that the Pt dissolution rate may be higher with the more active, and therefore 

more labile, active sites [45]. This 18 % loss of ECSA does not correspond with the total platinum lost 

from the cathode during the OCV test however. From the dissolution analysis approximately only 

0.005 % of the catalyst was dissolved, and so the large loss of ECSA clearly represents the loss of 

surface atoms only. 
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Figure 7. Cyclic voltammetry of PtB cathode before OCV test (BoT) and after the 72 h OCV period (EoT) of OCV test 1. 

Highlighted are the peaks associated with the Pt(100) and Pt(110) Hupd step sites. 

 

 

4.5. Mechanisms of Pt dissolution in PEMWE cathodes 

 

The mechanisms of Pt dissolution in PEMWE cathodes are likely to be similar in nature to those in 

PEM fuel cells [46]. These include electrochemical dissolution of Pt (1), and the formation of an oxide 

film (2) followed by chemical reduction to Pt2+ (3) [47]. 

Pt → Pt2+ + 2e−              E0 (Pt Pt2+⁄ ) = 1.188 V + 0.0295 log (Pt2+)   (1)  

Pt + H2O → PtO +  2H+ +  2e−        E0(Pt PtO⁄ ) = 0.98 V − 0.59pH  (2) 

PtO + 2H+ → Pt2+ + H2O                    log(Pt2+) =  −7.06 − 2pH             (3)  

  

Reaction (1) was reported by Cherevko et al. [32] as occurring at potentials as low as 0.85 V on Pt, 

correlating well with the onset of dissolution observed in this study. It has been noted that, since the 

equilibrium potential of this reaction is dependent on the surface concentration of Pt2+ species, the 



equilibrium potential becomes more positive as dissolution proceeds, and thus the reaction should 

be self-limiting at the surface of a fuel cell electrocatalyst [44]. However, in a PEMWE the presence 

of water flowing through the cathode may prevent the surface concentration of Pt2+ on the electrode 

from increasing to the point where the equilibrium potential is significantly changed. This reaction 

may therefore be more significant in PEMWEs than in PEM fuel cells, and could contribute to the 

dissolution observed. Even with this dissolution reaction, the place exchange of Pt and OH species 

would occur, eventually forming an oxide layer and thus decreasing the dissolution rate over time. 

This would provide a rationale for the observed decrease in dissolution rate over the OCV period, 

and is consistent with the explanation of transient dissolution of Pt given by Topalov et al. [33]. The 

production of protons through reactions (2) and (3) may, however, contribute to the observed Pt 

dissolution. Yadav et al. [48] reported on this matter on high surface area Pt electrodes, and 

determined that reaction (2) is suppressed at lower pH due to the elevated equilibrium potential, 

therefore favouring reaction (1). The lower pH may also promote reaction (3), again resulting in an 

overall increase in Pt dissolution. However, the pH shift due to the reaction may be relatively small 

for the same reasons given to explain the increased Pt dissolution in PEMWEs compared to PEMFC; 

due to the presence of water at the cathode, the volume into which the protons are migrating is 

large and therefore the change in concentration may not shift the equilibrium potential 

substantially. Furthermore, as evidence suggests that Nafion has a pH of between -0.08 and 1.4 [49–

51] the effect of a slight increase in proton concentration may not significantly alter the equilibria of 

reactions (2) and (3). As it has been shown here that one of the factors which may impact the rate of 

Pt dissolution is the volume of water at the cathode, the dissolution rate may differ in PEMWEs 

where the cathode is operated ‘dry’ (without an active water flow through the cathode). The volume 

of water present at the cathode in ‘dry’ systems is variable, and is a function of the amount of water 

collecting in the cell due to electroosmosis, the length of time the cell is operated, and is even 

dependent on the cell design and orientation.   



The rate at which dissolution occurs is likely to be due to the relative availability of oxygen at the 

cathode. Unlike PEM fuel cell cathodes, PEMWE cathodes are not oxygen-rich, and as such, Pt 

dissolution is likely to be correlated to the kinetics of oxygen diffusion through the membrane. 

[27,52–56]. 

5. Conclusions 

For the first time, Pt dissolution from the cathode during intermittent operation of a PEMWE has 

been observed. Dissolution was analysed using DPV, a technique which shows promise as a cost-

effective and highly sensitive method to detect dissolved Pt species in PEMWE cathode water, giving 

comparable limits of detection to ICP-MS. Pt dissolution has been shown to occur over a long 

timeframe with approximately 152 ng cm-2 of a 3 mg cm-2 PtB catalyst predicted to be lost during a 

90 h OCV period, equivalent to 0.005 % of the total catalyst loading. This places the estimate of the 

lifetime of the studied catalyst layer at approximately 95.2 years, far in excess of the majority of 

other components in the PEMWE. This lifetime estimate is, however, only relevant for the PtB 

catalyst tested, and is likely to be substantially reduced for state-of-the-art Pt/C catalysts with 

loadings in the range 0.2 mg cm-2 - 0.5 mg cm-2 [5] due to the lower initial loadings involved. Method 

development for the DPV technique may allow for the separate speciation of Pt(0) from Pt(II) and 

Pt(IV), which would also provide information pertaining to the rate of Pt loss due to carbon support 

corrosion. The mechanism of this dissolution process is likely to be similar to that of the cathode 

catalyst in PEM fuel cells, in which the dissolution of Pt gradually becomes hindered by surface 

passivation. However, in PEMWEs it is anticipated that the Pt dissolution rate would be amplified 

due to the increased volume and flow rate of liquid water at the cathode. In addition, the kinetics of 

these reactions will be complicated by oxygen crossover from the anode, which is dependent on 

several factors including the thickness of the Nafion membrane, the distribution of vapour phase and 

dissolved gases, and their respective partial pressures. Finally, this work may highlight the need for 

consideration about how PEWME systems are managed when non-operational. Unlike AWE, where it 

is common practice to apply a ‘protecting current’ that protects the cell components against the 



damaging potential swings of OCV [2], there is no information regarding performing the same in 

PEMWE. As one of the simple solutions to mitigate Pt dissolution would be to maintain a low 

cathode potential, then the application of a protecting current should be considered in this case. This 

does however have to be balanced against other considerations, such as the need to continuously 

draw power, and the possible promotion of other degradation mechanisms, such as peroxide 

formation [56]. 
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