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Abstract 

Process to recycle platinum from industrial waste, e.g. spent catalysts from polymer fuel cells 

and electrolyzers, through potentiodynamic dissolution along with potentiostatic 

electrodeposition in dilute acidic/acid-free baths has been explored. During potentiodynamic 

dissolution, due to Ostwald ripening, redeposition of the dissolved Pt-species on source 

nanoparticles becomes significant, leading to lower overall dissolution efficiency. Alternatively, 

high concentrations of Pt-complexing agents (e.g. Cl-) are required to stabilize dissolved species 

through complex formation. The present process overcomes those limitations by removing the 

dissolved Pt-species continuously through electrodepositing them in form of Pt0 on another 

electrode. Such process significantly promotes the overall reaction kinetic and the dissolution 

rate enhancement by a factor of two or more has been observed in non-complexing electrolytes. 

The process may be implemented for environmentally and industrially friendly recycling of Pt 

in dilute acidic/acid-free baths, thus eliminating the steps such as electrolyte up-concentration 

and post-dissolution reduction of dissolved Pt-species. 
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Introduction 

With increasing industrial demand of platinum group metals (PGMs), their limited natural deposits 

and high environmental concerns against their large-scale extraction through conventional processes 

have driven growing interests towards their environmentally and industrially friendly recycling.[1-9] 

Classic industrial processes used for PGM extraction and recovery include pyrometallurgical and 

hydrometallurgical routes, respectively depending on high temperature smelting and wet-chemical 

routes.[10-12] High power consumption, large initial investment, environmental hazardous nature, etc. 

are some of the drawbacks of the state-of-the-art processes used for PGM extraction/recycling.[6] 

Especially for spent catalysts from the low working temperature polymer electrolyte membrane fuel 

cell (PEMFC) electrodes consisting of the Pt/Pt-alloy nanoparticles supported on high surface area 

carbon and the fluorine containing ionomer,[13-14] the conventional recycling processes based on 

thermal treatment for removal of the catalyst support and ionomer phases produce large amounts of 

hazardous emissions such as fluorine compounds (e.g. – HF).[15] Though capture of those harmful 

compounds is an option, it may significantly increase capital cost and also requires rational disposal 

plan. Hence, despite the well-established extraction/recycling processes, alternative approaches for 

recycling of PGMs are of quite interest.[16-20]  

Nanoparticulate PGMs (especially Pt) catalysts, is of significant strategic importance for applications 

including catalytic convertors in automobiles, chemical synthesis for petroleum industries and the 

fast growing electrochemical energy conversion devices such as PEMFC and electrolyzer cells, etc.[9, 

11, 13 Owing to their high surface-to-volume ratio, PGM nanoparticles exhibit relatively higher activity 

as compared to their bulk counterparts. This enables the recovery of nanoparticulate spent catalysts 

through electrochemical dissolution under mild conditions (dilute acidic/acid-free baths; normal 

temperature and pressure).[18, 20-25]]  
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High dissolution rates of Pt-nanoparticles suitable for industrial applications may be achieved by 

potentiodynamic transient dissolution, where cyclic formation and dissolution of Pt-oxides takes 

place through cyclic variation of the Pt-nanoparticle surface potential. The approach provides much 

faster dissolution compared to the potentiostatic dissolution by direct contact of the corrosive liquids 

with the metal surface held at a constant potential[30-31]. During the electrochemical potential cycling, 

Pt dissolves primarily through formation of Pt-oxide layer and its subsequent dissolution to form 

soluble Pt-species.[8, 21, 32-36] For the spent PEMFC & EC electrocatalysts, being supported on 

electronically conductive support (e.g. - high surface area carbon)[26-29] that can provide easy 

connectivity of individual Pt nanoparticles to the external circuit, the potentiodynamic dissolution 

using external potential control is particularly suitable.  

For catalyst within non-conductive matrix (e. g. catalysts used in catalytic convertors, catalyst 

nanoparticles formed in the PEM during fuel cell operation, etc.), potentiodynamic transient 

dissolution of the Pt-nanoparticles may still be achieved. Hodnik et al. have demonstrated an effective 

process with alternation of purging ozone and carbon monoxide in mild acidic solution. .[37] 

During the external potential controlled potentiodynamic dissolution process (Figure 1a and 1b), 

dissolved platinum can redeposit via a well-known process (Ostwald ripening) where larger particles 

grow on account of the smaller ones. [16, 25, 38-39] This leads to significant growth of the Pt-

nanoparticles and hence reduces the efficiency of the dissolution process.[17, 20, 25, 40] Hence, the 

dissolution efficiency of the nanoparticulate catalysts may be enhanced by reducing the rate of the 

redeposition process. Since the electrochemical dissolution takes place through formation and 

dissolution of surface Pt-oxide layer, the rate of Pt dissolution at time t (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) may be 

considered to be proportional to the available surface area of Pt (𝐴𝐴1). Similarly, the probability of 
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redeposition and hence the rate of redeposition of Pt on the electrode (−𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ 𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟) may be 

considered to be proportional to the average concentration of the dissolved Pt species (𝑐𝑐𝑎𝑎) and the 

area 𝐴𝐴1. 

Hence, the net rate of mass change (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ ) due to Pt dissolution and redeposition is given by- 

 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ = −𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ 𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟  

or 

 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ =  −𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴1 + 𝑘𝑘𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑐𝑐𝑎𝑎𝐴𝐴1   (1) 

with 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎𝑑𝑑 𝑘𝑘𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟 being the reaction constants corresponding to dissolution and redeposition 

processes, respectively. Again, for the initial Pt loading of 𝑑𝑑0 and electrolyte volume V, 𝑐𝑐𝑎𝑎 may be 

given by- 

𝑐𝑐𝑎𝑎 =  𝑚𝑚0−𝑚𝑚
𝑉𝑉

     (2) 

and hence, 

𝑑𝑑𝑚𝑚
𝑑𝑑𝑑𝑑

=  −𝑘𝑘1𝐴𝐴1 + 𝑘𝑘2𝐴𝐴1(𝑑𝑑0 −𝑑𝑑) 𝑉𝑉⁄    (3) 

Since the redeposition rate of the dissolved species increases with increasing c, their continuous 

removal should reduce the redeposition. Here we report such an approach for enhanced 

electrochemical (potentiodynamic /potentiostatic) dissolution of Pt from nanoparticulate catalysts in 

dilute acidic media by continuous/intermittent removal of the dissolved Pt species through their 

electrodeposition on another electrode (preferably Pt) held at a constant potential to promote the 

overall dissolution reaction kinetic. Electrochemical dissolution has been performed using a modified 

setup shown schematically in Figure 1c. Pt-species dissolved from working electrode (WE1) during 

potential cycling can be removed from the electrolyte by electrodepositing them as Pt0 on WE2 

(Figure 1d). Here, for dissolution of Pt, WE1 is essentially subjected to the potentiodynamic 
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treatment, while WE2 may be kept under potentiostatic conditions at a suitable potential (details: 

experimental section). 

In presence of electrode WE2, the rate of electrodeposition (−𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ 𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟.) may be calculated by 

assuming a steady state diffusion, having a flux from WE1 to WE2 of- 

𝐽𝐽 = 𝐷𝐷𝑐𝑐𝑙𝑙/𝑙𝑙,  

Where 𝑙𝑙 is the distance between WE1 and WE2, while D is the diffusivity of Pt complexes in the 

electrolyte and 𝑐𝑐𝑙𝑙 is the local concentration of the dissolved Pt species near WE1. Hence, the amount 

of Pt electrodeposited on WE2 (electrode area 𝐴𝐴2) in time t (𝛥𝛥𝑑𝑑 = 𝐷𝐷𝑐𝑐𝑙𝑙𝐴𝐴2𝑑𝑑/𝑙𝑙) reduces the average 

concentration 𝑐𝑐𝑎𝑎 (eq. 2) to 𝑐𝑐𝑎𝑎′ - 

𝑐𝑐𝑎𝑎′ =  𝑚𝑚0−𝑚𝑚−𝛥𝛥𝑚𝑚
𝑉𝑉

    (4)  

Hence, the dissolution rate in presence of electrodeposition on WE2 ( 𝑑𝑑𝑑𝑑′ 𝑑𝑑𝑑𝑑⁄ ) may be given by- 

 𝑑𝑑𝑑𝑑′ 𝑑𝑑𝑑𝑑⁄ =  −𝑘𝑘1𝐴𝐴1 + 𝑘𝑘2𝑐𝑐𝑎𝑎′ 𝐴𝐴1   (5) 

Therefore, the electrodeposition on WE2 essentially reduces redeposition rate on WE1 and hence 

enhances the net dissolution rate. 

Further, the process may be used in electrolytes with or without Pt/complexing species for 

environmentally friendly recycling of platinum from industrial waste. Moreover, the concentration of 

Pt-complexing agents (e.g. Cl-) can be kept relatively constant through their regeneration by the 

reduction of the Pt-complexes to Pt0 on WE2 during electrochemical treatment. Hence, the use of 

concentrated electrolytes, necessary to provide enough Pt-complexing species during dissolution, 

may be avoided to enable efficient dissolution in dilute electrolytes. 
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Figure 1: (a) Schematic of the standard three-electrode setup consisting of a WE containing the 

Pt/nanoparticles to be recycled, a counter electrode (CE) and a reference electrode (RE). (b) 

Schematic showing the particle growth during electrochemical treatment using setup shown in (a). 

Schematics of (c) the modified setup and (d) the process for dissolution along with simultaneous 

electrodeposition of the dissolved Pt-species on another electrode (WE2). 

 

Results and Discussion 

Effect of electrolyte volume on dissolution: The electrodeposition of dissolved Pt on the source 

electrode and its effect on dissolution efficiency has been demonstrated in Table 1. The dissolution 

efficiencies of Pt trough potential cycling (0.4−1.6 V; 5000 cycles; scan rate: 100 mV/s) in two 

different volumes of 1 M H2SO4 electrolyte (5 and 50 mL) differ significantly. For similar 

electrochemical treatment, the lower Pt dissolution for smaller electrolyte volume (~27% in 5 mL as 
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compared to ~40% in 50 mL) may be attributed to the increasing rate of electrodeposition with the 

concentration of dissolved Pt-species. Hence, higher dissolution rates may be achieved through 

continuous removal of the dissolved Pt-species by, e.g., electrodepositing them on WE2, to keep their 

concentration low. 

Table 1: Effect of electrolyte volume on the electrochemical dissolution of Pt (potential cycling 

between 0.4 and 1.6 V at a scan rate of 100 mV/s for 5000 cycles in 1 M H2SO4 electrolyte) 

Electrolyte volume 
(mL) 

Pt loading (µg) Dissolution % Pt conc. In electrolyte 
(µg/mL) Initial Final 

5 459 333 27.5 25.3 
50 430 258 40.1 3.5 

 

Effect of WE2 on dissolution: Effect of the presence of WE2 on the Pt dissolution from WE1 during 

potential cycling has been demonstrated in Figure 2. Typical cyclic voltammogram of Pt/C standard 

electrode in 1 M H2SO4 (scan rate: 100 mV/s) for initial 20 cycles shown in Figure 2a exhibits the 

formation of Pt-oxides for potentials > 1.0 V during anodic sweep and reduction of the Pt-oxides for 

potentials < 1.0 V during cathodic sweep. As shown in Figure 2b, the %dissolution from WE1 for 

potential cycling (300 cycles; 0.4−1.6 V; scan rate: 100 mV/s) in 1 M H2SO4 exhibits a 3-fold 

enhancement in presence of WE2.  
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Figure 2: (a) Cyclic voltammograms of Pt/C standard electrode in 1 M H2SO4 (scan rate: 100 mV/s) 

for initial 20 cycles of the dissolution study. (b) Comparison between the %dissolution during 

potential cycling (500 cycles; 0.4−1.6 V; scan rate: 100 mV/s) with/without electrodeposition in 1 M 

H2SO4 electrolyte.  

Pt-species concentration variation: Continuous monitoring of the concentrations of dissolved Pt 

species in electrolyte through spectroscopic means (Figure 3) suggests the enhancement of 

%dissolution in presence of WE2 to be attributed to the lower concentration of dissolved Pt species 

in electrolyte through their continuous removal by electrodeposition on WE2. UV-Vis absorbance 

spectra of the electrolyte during potential cycling exhibit a broad absorption peak centered around 

220 nm, attributed to the presence of the dissolved Pt-species with the peak intensity being 

proportional to their concentration. As can be seen in Figure S1 (supporting information S1), the 

observed absorption peak may be attributed to the presence of Pt+4 complexes (presence of small 

amount of Pt+2 cannot be discarded completely). The peak intensity increases with number of 

potential cycles due to increasing concentration of the dissolved Pt species. However, for certain 

number of potential cycles, significant difference is observed between the peak intensities in presence 
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and in absence of WE2 (Figure 3a-b). The lower relative intensity of the absorption peak for the 

dissolution study in presence of WE2 (higher overall dissolution) suggests significant removal of the 

dissolved Pt species through electrodeposition on WE2. This is further elaborated in Figure 3c 

exhibiting variations of the absorbance at 220 nm and the absorbance/%dissolution with the number 

of potential cycles for both cases, i.e., with and without electrodeposition on WE2. It is clear that the 

absorbance/%dissolution for the electrolyte with electrodeposition remains much lower than its 

corresponding values for the electrolyte without electrodeposition, confirming the removal of 

dissolved Pt species through electrodeposition on WE2. This is further confirmed by measurement of 

Pt elemental concentration in the post-dissolution electrolytes through AAS. As shown in Figure 3d 

as well as in Table S1 (supporting information S2), for a typical dissolution study in absence of WE2, 

amount of Pt dissolved from the electrode (determined by XRF) is equivalent to the Pt amount present 

in the electrolyte (calculated through AAS). However, in presence of WE2 held at 0.1 V, lower Pt 

concentration is observed in the electrolyte due to electrodeposition of the dissolved Pt-species. 
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Figure 3: UV-Vis absorbance spectra of the electrolytes recorded after 0, 50, 100, 150, 200 and 300 

cycles during dissolution study of the Pt/C standard electrode (potential cycling between 0 .4 and 1.6 

V in 1 M H2SO4; scan rate: 100 mV/s) in (a) absence and (b) presence of WE2 for electrodeposition. 

The absorbance was measured using 1 M H2SO4 as reference. (c) Absorbance at 220 nm (open 

symbol) and absorbance/%dissolution (closed symbol) as a function of potential cycle number for 

dissolution studies with/without electrodeposition. (d) Ratios of the Pt concentrations measured 

through XRF to those measured through AAS (𝑃𝑃𝑑𝑑𝑋𝑋𝑋𝑋𝑋𝑋/𝑃𝑃𝑑𝑑𝑋𝑋𝑋𝑋𝑋𝑋) for dissolution studies with/without 

electrodeposition.  
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Pt-nanoparticle growth during dissolution: XRD patterns of the pristine and post-dissolution study 

electrodes (potential cycling; 500 cycles; 0.4−1.6 V; scan rate: 100 mV/s in 1 M H2SO4 electrolyte) 

have been shown in Figure S3 (supporting information). Comparison of the XRD patterns from 

pristine and post-dissolution study electrodes suggests that the crystalline sizes increase from 3.3 nm 

for pristine electrode to 5.4 and 6.2 nm for the post-dissolution electrodes without electrodeposition 

and with electrodeposition, respectively. The increase of average crystalline size with electrochemical 

treatment may be attributed to the growth of larger crystallites by redeposition of dissolved Pt 

(Ostwald ripening). The larger averaged Pt particle size for higher %dissolution in presence of WE2 

(~17% in presence of WE2 as compared to ~6% in absence of WE2) may be attributed to the faster 

dissolution of smaller particles[43] leading to overall higher average particle size. However, the 

particle growth normalized to dissolution (%growth/%dissolution) remains significantly lower for the 

dissolution study in presence of WE2 (Figure S3d, supporting information), suggesting lower 

redeposition of dissolved Pt on the source particles. 

The particle size evolution has been studied further through TEM imaging of the pristine and post-

dissolution study electrodes. TEM images and corresponding particle size histograms (obtained as 

described in supporting information S3, Figure S2) of pristine and post-dissolution study samples 

shown in Figure 4 reveal significant growth of Pt-nanoparticles during the electrochemical dissolution 

process. As compared to the narrow size distribution with an average particle size of 2.7 nm for the 

pristine Pt-nanoparticles, broader size distributions with average particle sizes (~3.4 nm) have been 

observed for the post-dissolution Pt-nanoparticles. Further, both XRD and TEM analysis exhibit 

significant size growth, despite overestimation of crystallite size from XRD (uncorrected instrument 

broadening and GDL contributions). Again, for the post-dissolution electrodes, although TEM images 

show similar average particle sizes for the electrochemical treatment with or without 

electrodeposition, the distribution histograms differ significantly with lower larger fraction of particle 
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corresponding to larger size. This is in agreement with the observed larger particle size for the 

electrode in presence of WE2. 

 

Figure 4: TEM images of (a) the pristine electrode, and the post-dissolution electrodes treated (c) 

without and (e) with electrodeposition. Particle size distribution histograms corresponding to (b) the 

pristine and the post-dissolution electrodes (d) without and (f) with electrodeposition. 
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Effect of electrolyte nature on dissolution: Figure 5 shows the effect of continuous removal of 

dissolved Pt-species during potential cycling in various electrolytes. Overall, the dissolution rate 

exhibits significant enhancement when the dissolved species are removed continuously through 

electrodeposition on WE2. The trend follows for different extents of dissolution in varying electrolyte 

types and concentrations. For example, in 0.1 M and 1 M HNO3 electrolytes, presence of WE2 

enhances the %dissolution by respective factors of 2.3 and 1.5 (Figure 5a and 5b). The lower 

enhancement factor for higher %dissolution (~75% for 1 M HNO3; 3000 cycles) as compared to that 

for lower %dissolution (~2 % for 0.1 M HNO3; 200 cycles) may be attributed to the fact that the Pt 

available for dissolution and hence the %dissolution/cycle decreases with increasing the number of 

potential cycles. Again, with increasing pH, significant enhancement of %dissolution has been 

observed under similar conditions (with or without electrodeposition). For example, the %dissolution 

values of 0.6% and 3.3% have been observed during potential cycling (0.4−1.6 V; scan rate: 100 

mV/s, 200 cycles) in 0.1 M and 1 M HNO3, respectively. Apart from dilute acidic baths, acid-free 

electrolytes containing Pt complexing species (e.g. NH4+ and Cl-) may also be used for the 

electrodeposition-assisted recycling of Pt (Figure 5c and 5d). Faster dissolution rates can be attained 

due to presence of Cl- as complexing agents. However, the effect of presence of WE2 on the 

%dissolution is reduced possibly due to the higher stability of the Cl- complexes and hence less 

electrodeposition. 
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Figure 5: Comparison between the %dissolution during potential cycling (0.4−1.6 V; scan rate: 100 

mV/s) without and with electrodeposition in (a) 0.1 M HNO3, (b) 1 M HNO3, (c) 0.1 M (HNO3+ 

NH4NO3) and (d) 0.5 M NH4Cl electrolytes 

Effect of WE2 on Pt activity during dissolution: The electrochemical treatment employed here for 

the Pt dissolution is similar to that used during an accelerated stress test (AST) aiming to study the 

electrocatalytic activity and durability of the PEMFC electrodes. For an electrode containing Pt 

nanoparticles supported on an high surface area support (e.g. carbon), such AST leads to degradation 
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of electrocatalytic activity with potential cycling by means of mechanisms such as support corrosion, 

Pt dissolution, surface area loss due to particle growth, etc.[44-45] Growth of the Pt-nanoparticles 

through dissolution-redeposition process may evolve their surface significantly, in terms of preferred 

crystallographic faces. Therefore, in presence of WE2, the modified extent dissolution-redeposition 

process due to the electrodeposition of dissolved Pt species may affect the evolution of Pt-

nanoparticle surface and hence the electrode durability significantly. Evolution of the electrochemical 

surface area (ECSA) of the electrodes during dissolution studies with and without electrodeposition 

on WE2 has been investigated by measurement of ECSA after specified number of potential cycles. 

Cyclic voltammograms recorded at a scan rate of 10 mV/s after specified numbers of potential cycles 

for Pt-dissolution (0.4 – 1.6 V; 100 mV/s; 1 M H2SO4) in absence and in presence of WE2 for 

redeposition have been shown in Figures 6a and 6b, respectively. Characteristic cathodic and anodic 

peaks corresponding respectively to H+ adsorption and desorption can be observed for potentials < 

0.6 V (along with hydrogen evolution/oxidation peaks for potentials < 25 mV). Similar evolutions of 

the characteristic cathodic and anodic peaks in presence/absence of WE2 suggest that the Pt activity 

remains unaffected by the presence of WE2. However, the durability plots (evolution of ECSA with 

number of potential cycles) shown in Figure 6c suggest faster degradation of ECSA in presence of 

WE2. This may be attributed to the comparatively higher Pt dissolution (Figure 6d) from WE1 due 

to electrodeposition on WE2. This also highlights the impact of the redeposition process on the 

durability of the Pt electrocatalysts. 
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Figure 6: Cyclic voltammograms of WE1 in 1 M H2SO4 at scan rate of 10 mV/s after specified 

numbers of potential cycles for Pt-dissolution (0.4 – 1.6 V; 100 mV/s; 1 M H2SO4) in (a) absence 

and (b) presence of WE2 for redeposition. (c) Variations of ECSA of WE1 during potential cycling 

in (a) absence and presence of WE2. (d) Effect of electrodeposition on %dissolution of Pt during 

potential cycling (0.4−1.6 V; scan rate: 100 mV/s) in 1 M H2SO4 
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Conclusions 

In conclusion, electrodeposition of Pt during potentiodynamic dissolution of Pt-nanoparticles reduces 

the dissolution efficiency for Pt-recycling process. The electrodeposition may be decreased through 

continuous removal of the dissolved Pt-species and hence keeping their concentration low. 

Continuous removal of dissolved Pt-species through their electrochemical reduction on an electrode 

held at a suitable potential (e.g. 0.1 V) enhances the dissolution rate by a factor of 2 or more in dilute 

acidic/acid-free electrolytes with/without Pt-complexing species. The process may be suitable for 

environmentally and industrially friendly recycling of Pt and other PGMs under mild conditions. 

Experimental Methods 

Electrochemical treatment: The potentiodynamic Pt-dissolution studies were performed using an 

electrochemical cell with 3-electrode configuration (Figure 1a). State-of-the-art catalyst layer of 

PEMFC electrode, prepared at EWII fuel cells A/S by spray coating HiSPEC® 9100 Pt/C catalyst (0.6 

mgPt cm-2) on a gas diffusion layer (GDL; BD34, SIGRACET®) was used as the working electrode 

(WE) for the electrochemical dissolution studies. A 10 mm diameter sheet of the catalyst coated GDL, 

hereafter Pt/C standard catalyst, was pressure connected to a graphite rod (0.5 mm diameter) to form 

the WE. The potentials were measured using a Radiometer® Hg/Hg2SO4 reference electrode (RE) 

and reported w.r.t. reversible hydrogen electrode (RHE). However, the reference potential of the 

Hg/Hg2SO4 reference in various electrolytes was measured against a Gaskatel HydroFlex reversible 

hydrogen electrode (RHE). Again, a graphite rod was used as the counter electrode (CE). The 

potentiodynamic studies were performed using a RHE Zahner®IM6e electrochemical workstation. 

For studies involving removal of dissolved Pt-species through electrodeposition, an additional 

working electrode, shown as WE2 in Figure 1c, has been incorporated. The potential at WE2 may be 

controlled through switching the potentiostat connection between WE1 (the catalyst electrode to be 
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dissolved) and WE2 at a constant potential (i.e. < 0.4 V). Alternatively, the potential at WE2 may 

also be controlled using another set of reference and counter electrodes connected to another 

potentiostat. The experiments in the present study were conducted using the later configuration by 

holding the WE2, a Pt-disc (20 mm diameter) connected to the external circuit through a Pt-wire, at 

0.1 V. The potentiodynamic Pt-dissolution studies were performed by subjecting the electrodes to 

potential cycling (linear sweep cyclic voltammetry) between 0.4 and 1.6 V at a scan rate of 100 mV/s 

in various electrolytes and varying number of potential cycles. Again, effect of presence of WE2 on 

the evolution of electrocatalytic activity of WE1 during the dissolution study in 1 M H2SO4 was 

investigated by measurement of the electrochemical surface area (ECSA) values after every 0, 20, 

100, 200, 300, 400, 500, 600, 800 and 1000 potential cycles (0.4-1.6 V; 100 mV/s). For the ECSA 

measurement after the specified number of the potential cycles for dissolution, observational cyclic 

voltammograms were recorded with a potential sweep rate of 10 mV s-1 for two cycles within the 

potential range of 0.01-1.2 V. The ESCA estimations were made through measuring the specific 

charge (C/𝑔𝑔𝑃𝑃𝑑𝑑) corresponding to H+ adsorption peak (surface charge density for H+ adsorption on 

polycrystalline Pt: 210 (μC/cm2). 

Pt-loading measurement: The initial and final (post-dissolution) loadings of Pt on the Pt/C standard 

electrode were measured using X-ray fluorescence spectroscopy (XRF) through a Thermo Scientific 

Niton XL3t GOLDD+) XRF analyzer calibrated for such electrodes. Again, the Pt-dissolution was 

confirmed by measuring the Pt concentration in the electrolyte after dissolution study through Atomic 

Absorption Spectroscopy (AAS) using a Graphite Furnace AAS (Agilent 200 Series AA) analyzer. 

The efficiency of dissolution has been evaluated in terms of %dissolution, defined as 

%𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎 = 𝑊𝑊𝑖𝑖−𝑊𝑊𝑓𝑓

𝑊𝑊𝑖𝑖
× 100 (1), 
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where 𝑊𝑊𝑑𝑑 and 𝑊𝑊𝑓𝑓 are the initial and final Pt-loadings on electrode, respectively. The %dissolution 

may be considered proportional to the amount of Pt dissolved as the initial amount of Pt on the 

electrodes (𝑊𝑊𝑑𝑑 × electrode area) were kept constant during the study. 

Furthermore, variation of the dissolved-Pt species concentration in the electrolyte with the number of 

potential cycles during dissolution study was monitored using a quartz flow-cell (50 mm) connected 

to a UV-Vis spectrometer (Ocean Optics Flame Miniature Spectrometer). The electrolyte from the 

electrochemical cell was passed continuously through the flow cell while recording the absorption 

spectrum to estimate the real-time concentration of Pt-species in the electrolyte. 

Particle size evolution: A Rigaku Miniflex 600 X-ray diffractometer using Cu K α (λ = 1.5418 Å) 

radiation) X-ray diffractometer was employed to record the X-ray diffraction (XRD) patterns of the 

pristine and post-dissolution electrodes. The average crystallite size of Pt nanoparticles in an electrode 

was estimated by measuring the FWHM of Pt (111) diffraction peak through Lorentzian distribution 

fitting (OriginPro 9.0). Finally, the transmission electron microscope (TEM) imaging of pristine and 

post-dissolution study electrodes was performed using a JEOL JEM-2100 TEM operating at 200 kV. 

The size distributions were estimated by measuring the particle sizes of the individual particles in a 

TEM image through ImageJ software. 
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