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Abstract 

PtRu alloy nanoparticles supported on high surface area carbon material (PtRu/C) are common 

electrocatalysts used for the hydrogen oxidation reaction at polymer electrolyte membrane fuel cell 

(PEMFC) anodes. The recovery of these precious metals at the end of the lifetime of fuel cells is 

important for their further applications in a sustainable energy technology scenario. Here, new 

mechanisms for efficient recycling of the spent catalyst are proposed and examined based on the 

potentiodynamic dissolution of PtRu/C in chloride containing - and in chloride free dilute acidic 

baths, respectively, such as in 0.1 M HCl and 1 M H2SO4. During potential cycling, Ru exhibits a 

higher stability than Pt in 0.1 M HCl. This is in contrast to a relatively lower stability of Ru under 

potentiodynamic treatment in the absence of Cl-. For example, the % dissolutions of Pt and Ru are 

observed to be ~72% and ~33% during potential cycling between 0.2 and 1.6 V for 50 cycles at a 

scan rate of 100 mV/s, in 0.1 M HCl. On the other hand, for similar initial Pt and Ru loadings, the 

corresponding dissolution values for Pt and Ru after potential cycling between 0.2 and 1.6 V for 10k 

cycles at a scan rate of 1 V/s in 1 M H2SO4 are observed to be ~27% and ~61%, respectively. This 

difference of behaviors is attributed to the formation and stability of soluble Pt and Ru species during 

potential cycling. The fast dissolution of Pt and higher stability of Ru found during potential cycling 
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in dilute HCl may be explored towards separation of Pt and Ru and for separable recoveries from 

spent alloy catalysts. Finally, it is observed that the Pt and Ru dissolution rates during potential 

cycling may be enhanced through inhibition of redeposition of the dissolved species by using Cu as 

a surface switching species. 

Key words: PtRu alloy, electrocatalyst, electrochemical dissolution, recycling, redeposition, stability 

1. Introduction  

Owing to the limited abundance of the platinum group metals (PGMs), recycling of spent 

electrocatalysts from this group of metals is of high interest for the future use in proton exchange 

membrane fuel cells (PEMFC) and electrolyzers (PEME). The currently well-developed 

hydrometallurgical and pyrometallurgical routes for PGM extraction may be applied to recover the 

pure metals from spent catalysts, but they are hazardous to the environment owing to the fluorine-

contents of electrodes (1). Hence, alternative routes for the PGM recovery from the PEMFC and 

PEME electrodes are being explored (2-4). Among these, electrochemical dissolution under mild 

conditions (dilute acidic baths containing suitable complexing agents such as Cl-, room temperature) 

is offering a significant potential as the PGM nanoparticles show high activity in this process due to 

their large specific surface area. Studies with a strategy aiming at developing an electrochemical 

dissolution-based PGM (especially Pt) recovery process have recently been carried out (3, 5-11). In 

our group, an electrochemical dissolution-based recovery process has thus been demonstrated to 

successfully recover Pt from spent fuel cell electrodes (12, 13). However, recovery of PGM from 

alloys through preferential dissolution of the PGMs is a further step of high interest towards progress 

in the PGM alloy electrocatalyst recycling development. The electrochemical dissolution of one PGM 

from an alloy will of course be expected to be affected by the presence of other metals. 
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Among various PGM alloy electrocatalysts, PtRu alloy nanoparticles are of particular interest for 

their superior catalytic performance in both acidic and alkaline media for electro-oxidation of 

hydrogen at the PEMFC anode, methanol electro-oxidation in direct methanol fuel cells (DMFCs), 

electro-oxidation of CO present as impurity in reformate gas, and others (14-20). Therefore, studies 

exploring the electrochemical recovery of spent PtRu catalysts may be of significant interest. 

Dissolution of Ru under fuel cell operating conditions has been studied from a catalyst stability point 

of view, where the observed comparatively higher rates of dissolution of Ru (as compared to that of 

Pt) and possible mitigation strategies against this have been given considerable scientific attention 

(21, 22). Recently, Hodink et al. have found that the dissolution of Ru during potential cycling 

between 0 and 1.4 V in 0.1 m HClO4 takes place for potentials around 0 V during negative-going 

potential scan and at ~1.4 V during positive going potential scan, using in-situ concentration 

measurements of dissolved Ru species through inductively coupled plasma mass spectroscopy (23). 

The observed dissolution has been associated to a transient dissolution process, i.e. dissolution 

happening during and due to a change of oxidation state of the Ru atoms. However, the 

electrochemical dissolution of Ru has not been explored with the spent catalyst recovery point of 

view in focus. 

Further, previous studies on the potentiodynamic dissolution and/or the electrocatalyst durability of 

electrocatalysts suggest significant redeposition of the dissolved metal species during the 

potentiodynamic treatment.(24-28). In our recent study, inhibition of such redeposition using a surface 

switching  species (SSS) has been shown to be an effective route to enhance the potentiodynamic 

dissolution of Pt in chloride containing electrolytes (13). As presence of different PGMs may affect 

the SSS functioning, it is worthy to study such SSS-based enhancement of dissolution rates for other 

PGMs as well.  
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In the present study, we explore the electrochemical dissolution of Pt and Ru from the PEMFC anode 

catalyst layer, i.e., a PtRu alloy supported on carbon catalyst (PtRu/C). Effects of different dissolution 

routes on the relative rates of dissolution for Pt and Ru have been explored with different electrolytes, 

namely 0.1 M HCl and 1 M H2SO4. Apart from studying the effect of the presence of chloride on 

their stability, this study explores the electrochemical dissolution-based recovery of Pt and Ru from 

PtRu/C electrocatalysts. 

2. Experimental methods 

2.1 Materials 

Different electrolyte solutions were prepared in Milli-Q water (resistivity ≥ 18.2 MΩ·cm at 25 °C). 

Hydrochloric acid (Reagent Ph. Eur.; BDH chemicals), sulfuric acid (EMSURE® grade, assay > 95 – 

97%, Merck, Germany) and copper (II) chloride (purity: >99.99%; Sigma-Aldrich®) were used as-

received. 

2.2 Electrochemical studies 

Dissolution studies of the PtRu alloy electrocatalysts were performed by using a PEMFC anode 

prepared at IRD fuel cells A/S, Denmark, by coating of a catalyst ink on a gas diffusion layer (GDL; 

BC35 SIGRACET) to obtain Pt and Ru loadings of ~0.3 and 0.1 mg/cm2, respectively. The catalyst 

ink consisted of the PtRu/C (45:15:40 w/w/w) electrocatalyst and a Nafion® ionomer in a weight ratio 

of 7:3, dispersed in a suitable solvent (e.g., isopropanol/water). A circular disc (d=10 mm) stamped 

from the PEMFC anode was used as a typical working electrode (WE), while a graphite rod (d=5 

mm) was used as a counter electrode (CE) for the dissolution study in a three-electrode setup. Electric 

connection to the WE was made through a pressure contact using a thin graphite rod (d= 0.5 mm). 

The potentials were measured against the Hg/Hg2SO4 (REF 601 Radiometer®) reference electrode 

(RE) and reported w.r.t. the reversible hydrogen electrode (RHE). A Zahner®IM6e electrochemical 
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workstation was employed for the electrochemical dissolution studies through potential cycling 

between specified potential range between 0.4 and 1.6 V with the start and end potential values being 

1.2 V. A typical potential-time diagram has been shown in Fig. S1 (Supporting information). All the 

dissolution studies were performed using a constant volume of electrolyte (12 mL) in a 20 ml beaker 

without gas bubbling/stirring, at normal room temperature and pressure. 

The electrochemical treatment in 0.1 M HCl involved 50 cycles (lower potential EL being 0.2 or 0.4 

V and upper potential EU=1.6 V) at a scan rate of 100 mV/s (hereafter AST1). On the other hand, 

the electrochemical dissolution study in 1 M H2SO4 was performed by potential cycling involving 

stress cycling (with El at 0.2 or 0.4 V and Eu at 1.6 V, a number of stress cycles (N) of up to 10000, 

and scan rate at 1 V/s), and an observational cycling for 2 cycles between 0.05 and 1.2 V at a scan 

rate of 10 mV/s recorded after N values of 0, 20, 100, 200, 300, 400, 600, 800, 1k, 2k, 3k, 4k, 5k, 6k, 

7k, 8k, 9k and 10k (hereafter AST2). The higher number of potential cycles during AST2 was 

applied to achieve %dissolution values comparable to that of AST1. Again, the faster scan rate of 1 

V/s during AST2 was used to reduce the experimental time, although slower scan rates may also be 

used. 

The electrochemical surface area (ECSA) evolution of the PtRu electrode with various N values 

during AST2 was also studied. The ECSA was estimated from the area under the H+ adsorption peak 

and assuming the charge associated to the H+ adsorption on polycrystalline Pt to be 210 µC/cm2 (29). 

Although more precise determinations of the ECSA values for Pt and Ru have been reported through 

Cu underpotential deposition (30), the variation of the area under the H+ adsorption peak is here used 

as monitor for the ECSA changes during the electrochemical treatment, without disturbing the 

experiment. As the observational cyclic voltammograms are recorded for two cycles, the second cycle 

is used for the ECSA determinations. Measurements of ECSA were not performed during AST1 due 

to adsorption of chloride leading to incorrect ECSA values. 
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2.3 Dissolution quantification 

X-ray fluorescence spectroscopy (XRF) using a Thermo Scientific Niton XL3t GOLDD+ XRF 

analyzer was employed to determine the areal loadings of Pt and Ru on the WE. The dissolution rates 

of Pt or Ru was determined as per eq. 1, where 𝑊𝑊𝑖𝑖 and 𝑊𝑊𝑓𝑓 are the initial and final Pt or Ru loading 

values on WE. 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛 𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟 = 𝑊𝑊𝑖𝑖−𝑊𝑊𝑓𝑓

𝑊𝑊𝑖𝑖
 × 100 (1) 

The dissolution rate values were also confirmed by analyzing the Pt and Ru concentrations in the 

electrolyte through atomic absorption spectroscopy (AAS; Graphite Furnace Agilent 200 Series AA 

analyzer).  

2.4 Structural characterizations 

Structural changes in the PtRu nanoparticles through the electrochemical treatment was accessed 

through characterizations of the post-dissolution electrodes. X-ray diffraction (XRD) patterns of 

various electrodes were obtained using a Rigaku Miniflex 600 X-ray diffractometer (λ = 1.5418 Å). 

The average crystalline size (𝐿𝐿) of the PtRu nanoparticles was estimated using the formula of Scherrer 

(𝐿𝐿 = 0.9𝜆𝜆/𝛽𝛽𝛽𝛽𝑑𝑑𝑑𝑑𝛽𝛽), where β is the full width at half maximum (FWHM; 2Δθ) of the diffraction peak 

at a diffraction angle of θ. The Pt (111) diffraction peak at 2θ = 39.8o (JCPDS# 65-2868) (31) was 

used to determine 𝐿𝐿. The FWHM was determined by fitting the peak data with a Lorentzian 

distribution. Further, the pristine and the post-dissolution PtRu electrodes were studied with 

transmission electron microscope (TEM) imaging using a JEM-2010F operated at 200 kV and 

equipped with an Oxford Instruments ISIS 300 EDS analyzer. X-ray photoelectron spectroscopy 

(XPS) was performed to study the evolution of the surface chemistry of PtRu nanoparticles through 

electrochemical treatment in various electrolytes. The XPS analysis was performed using Mg Kα 
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(1253.6 eV) radiation with a Phoibos 10 analyzer from SPECS, Germany. The pristine as well as the 

post-dissolution electrodes were attached together on the XPS sample holder with double sided 

carbon tape on the metallic sample holder in galvanic contact with the analyzer. Deconvolution of the 

XPS peaks was performed by fitting the peak components using a Lorentzian-Gaussian distribution 

and Shirley background with the CasaXPS software. All spectra are recorded with identical X-ray 

power and under identical measurement parameters, but differences between the average count rates 

between spectra may be due to different amounts of sample. 

3. Results and Discussion 

3.1 Involved electrochemical reactions 

The cyclic voltammograms of Fig. 1 present a comparison of the Faradaic reactions taking place at 

different potentials ranging between 0.02 and 1.6 V on the PtRu/C electrodes in 0.1 M HCl and 1 M 

H2SO4 electrolytes. In both of the electrolytes, cyclic voltammograms exhibit Faradaic peaks 

corresponding to the H+ adsorption during negative-going scans for potentials varying between 0.4 

and 0.02 V and the H+ desorption during positive-going scans for potentials around 0.02 V. However, 

the H+ adsorption and desorption peaks corresponding to different crystalline facets (32) of Pt can 

only be observed in 1 M H2SO4, while in 0.1 M HCl, these peaks remain unresolved. 

In 1 M H2SO4, current peaks corresponding to the hydrogen oxidation reaction (HOR) (E~0.02 V), 

the formation of Pt-Oxides (E ~1 V), and the oxygen evolution (E > 1.2 V), can be observed during 

positive–going scan, while the current peak at E~0.7 during the negative-going scan corresponds to 

the reduction of Pt-Oxides (29).  

On the other hand, in 0.1 m HCl, a high current for E>1.35 V during positive-going scans corresponds 

primarily to chlorine evolution, along with a relatively smaller contribution from oxygen evolution, 

while the current peaks at E~1.3 V and E~0.3 V during the negative-going scans correspond, 
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respectively, to reduction of the chlorine and the PtRu oxides/Pt-Clx/Ru-Clx species (7, 33-35). The 

chlorine reduction peak in 0.1 M HCl becomes more intense and shifts towards negative potentials 

with increasing number of potential cycles. The increasing peak intensity with increased number of 

potential cycles may be attributed to the fact that the evolved chlorine in every cycle either gets 

adsorbed by the porous GDL (WE consists of PtRu/C catalyst coated on GDL) or dissolves in the 

electrolyte in proximity of WE,, leading to a locally higher chlorine concentration available for the 

chlorine reduction reaction. Moreover, the peaks corresponding to reduction of the Pt and Ru Oxides 

shift towards positive potentials and show a decreased peak current with increasing N. Moreover, 

larger shift in 0.1 M HCl as compared to that in 1 M H2SO4 is observed. This may be attributed to the 

change in the surface chemistry of the PtRu nanoparticles during potential cycling. The Oxide 

reduction peak for the initial cycles may be attributed to the intrinsic Pt and Ru Oxides, while for later 

cycles, where the peak position becomes relatively constant, it may be related to the reduction of the 

Pt-Clx and Ru-Clx species adsorbed on catalyst nanoparticles. As compared to the Pt/C 

electrocatalysts (12), the reduction of Pt-Clx species on the PtRu/C takes place at comparatively more 

negative potentials in both the 0.1 M HCl and the 1 M H2SO4 electrolytes, suggesting a relatively 

higher stability on these species on PtRu/C electrocatalysts than on Pt/C. 

The cathodic peak assigned to reduction of either of the PtRu oxides or the Pt-Clx/Ru-Clx species is 

further investigated through potential cycling of the electrode for an upper potential (Eu) of 1.2 V 

(just after the potential cycling for Eu of 1.6 V) for 2 cycles. The cyclic voltammograms for the 0.1 

M HCl and the 1 M H2SO4 electrolytes are shown in Fig. 1. In 0.1 M HCl, the first cycle exhibits an 

intense cathodic peak at E ~0.4 V, while a weak peak at E ~0.5 V is observed in the later two cycles. 

This may be attributed to a reduction of the Pt-Clx and Ru-Clx species (adsorbed on PtRu nanoparticles 

during earlier scans with the Eu value of 1.6 V) during the first cycle. Absence of the cathodic peak 

at E ~0.4 V during the later cycles suggests no adsorption of any Pt-Clx and Ru-Clx species during 
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the cycling up to 1.2 V. Moreover, the weak cathodic peak at E ~0.5 V may be attributed to reduction 

of the PtRu-oxides. On the other hand, in 1 M H2SO4, the cathodic peak centered between 0.7 and 

0.8 V exhibits relatively lower values of the potential shift as well as the peak intensity change 

between the first and the second cycle, as compared to those in 0.1 M HCl. This may be attributed to 

the fact that in 1 M H2SO4, the surface adsorbed species for both of the Eu values of 1.2 and 1.6 V are 

not significantly different. In chloride free electrolytes, Pourbaix diagrams of Pt and Ru suggest the 

stable species at pH = 0 to be Pt2+ and Ru3+/Ru5+, respectively (35). However, in case of 0.1 M HCl, 

preferentially the Pt-Clx and Ru-Clx species, possibly along with the PtRu-oxides, are formed. The 

Pourbaix diagram for Ru in chloride containing aqueous acidic baths studied by Povar and Spinu 

(2016) reveals stable Ru-Clx species to be RuCl2+ or RuCl3, for chloride concentrations around 0.1 M 

(35). Similarly, The Pourbaix diagram for Pt in presence of chloride suggests the formation of 

[PtCl6]2- and [PtCl4]2-species for the pH values < 6 (8). 
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Fig.1: Cyclic voltammograms (scan rate: 10 mV/s) of PtRu/C electrodes in different electrolytes 

(shown in legends). For comparison, corresponding cyclic voltammograms of a Pt/C electrode are 

also shown. 

 

3.2 Electrochemical dissolution and de-alloying of PtRu in dilute acids 

Fig. 2 shows the dissolution rates of Pt and Ru from a PtRu/C electrode through electrochemical 

potential cycling in 0.1 M HCl (50 cycles; 100 mV/s) and in 1 M H2SO4 (10000 cycles; 1 V/s) in two 

different potential windows, with a fixed upper potential EU value of 1.6 V and different lower 
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potential (EL) values of 0.2 and 0.4 V. In 0.1 M HCl, the dissolution rate of Pt remains lower for the 

EL value of 0.2 V (~12% lower) as compared to that for an EL value of 0.4 V. This may be attributed 

to the increased redeposition of the dissolved Pt species at the more reductive potential (0.2 V) during 

negative-going scans. On the other hand, the dissolution rate of Ru increases with decreasing EL from 

0.4 to 0.2 V, with ~3% higher dissolution for EL=0.2 V. This opposite trend for Ru as compared to Pt 

may be attributed to the fact that reduction of the Ru-Clx species adsorbed on PtRu nanoparticles 

takes place at relatively lower potentials as compared to the corresponding potentials for the Pt-Clx 

species. Hence, for the EL value of 0.4 V, incomplete reduction of the Ru-Clx species during negative-

going scan leads to a lower dissolution rate as compared to that for the EL value of 0.2 V.  

In 1 M H2SO4, redeposition of Pt for potentials below 0.4 V during negative-going scan becomes 

clearer, exhibiting a significantly lower dissolution rate of Pt (~18% lower) for El = 0.2 V, as 

compared to that for El = 0.4 V. This may be due to the higher redeposition probability of the relatively 

unstable Pt species (e. g. Pt2+) formed during dissolution in 1 M H2SO4. Further, similar to that 

observed in 0.1 M HCl, the dissolution rate of Ru increases with decreasing EL from 0.4 to 0.2 V 

during potential cycling in 1 M H2SO4, with ~6% higher dissolution rate for EL = 0.2 V. Hence, the 

effect of lowering the EL value on the dissolution rate of Ru is stronger in 1 M H2SO4 as compared to 

that in 0.1 M HCl, where significant difference in Pt and Ru dissolution rate values is observed for 

the two EL values.  

Further, dissolution rate values of Pt and Ru in a particular electrolyte differ significantly. In 0.1 M 

HCl, Ru exhibits higher stability as compared to that of Pt. This is in contrast to the stability trend 

observed in 1 M H2SO4. The poor stability of Ru, leading to de-alloying of PtRu electrocatalysts 

under PEMFC working conditions (potentiodynamic treatment in chloride free electrolytes) is well-

known (21, 22, 36). The opposite trend in 0.1 M HCl, where Ru exhibits higher stability as compared 

to Pt, may be of interest for the electrochemical recycling of PtRu catalysts.  
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Fig. 2: Variations of dissolution rate values for Pt and Ru for the electrochemical treatment according 

to (a) AST1 (50 cycles between El and 1.6 V at a scan rate of 100 mV/s in 0.1 M HCl) and (b) AST2 

(10000 cycles between El and 1.6 V at a scan rate of 1 V/s in 1 M H2SO4), for two different El values 

of 0.2 and 0.4 V. 

 

In our recent study, the use of Cu2+ as a surface switching species (SSS) has been found to reduce the 

redeposition of Pt and hence enhance the dissolution of this metal during potential cycling in chloride 

containing electrolytes (13). To follow up on this study, the effect of the presence of Cu2+ as SSS for 

the Pt and Ru dissolution in 0.1 M HCl is investigated by potential cycling with the PtRu/C electrode 

at two different EL values of 0.5 V and 0.2 V with the Eu being fixed at 1.6 V. For the higher EL value 

(0.5 V) the probability values of redeposition of the dissolved Pt and Ru species are lower than their 

corresponding values for the EL value of 0.2 V. Hence, the presence of Cu2+ should enhance the 

dissolution rate of Pt and Ru significantly for El = 0.2 V. Fig. 3 shows the effect of the presence of 

Cu2+ on the Pt and Ru dissolution values during potential cycling in 0.1 M HCl. For EL = 0.5 V (50 

cycles between 0.5 and 1.6 V at a scan rate of 100 mV/s), the presence of Cu2+ (0.01 M CuCl2) 
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increases the dissolution rate values for Pt and Ru by 2.4 and 9.6%, respectively. The increase is 

possibly due to an increased chloride concentration of the electrolyte (Cl- concentration: 0.12 M as 

compared to 0.1 M for 0.1 M HCl). On the other hand, the corresponding enhancements of the 

dissolution rate values for Pt and Ru in case of El = 0.2 V (25 cycles between 0.2 and 1.6 V at a scan 

rate of 100 mV/s) are observed to be 28.4% and 26.6%, respectively. .Hence, the presence of Cu2+ 

during potential cycling lowers the redeposition of both Pt and Ru, explained by the surface switching 

mechanism found earlier (13). 

 

Fig. 3: Effect of the presence of Cu2+ on the dissolution rate values for Pt and Ru during potential 

cycling (a) 50 cycles between 0.5 and 1.6 V at a scan rate of 100 mV/s and (b) 25 cycles between 0.2 

and 1.6 V at a scan rate of 100 mV/s. Different number of potential cycles are used to reach relatively 

similar dissolution rate values. 

3.3 Post-dissolution characterizations 

3.3.1 UV-Vis spectra of electrolyte 
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UV-vis spectra of the 0.1 M HCL and 1 M H2SO4 electrolytes containing the potentiodynamically 

dissolved Pt and Ru species are shown in Fig. 4. In 0.1 M HCl, at ~260 nm a peak corresponding to 

the [PtCl6]2- complex can be observed. However, no UV-Vis absorption peak is observed for the Ru-

chlorides. Further, in 1 M H2SO4, no UV-vis absorption peak is observed, probably due to absence 

of the [PtCl6]2- complex.  

 

Fig. 4: UV-vis spectra of the post-dissolution electrolytes corresponding to the AST1 and AST2 

treatments. For reference, UV-vs spectra of 0.1 M HCl and 1 M H2SO4 are also shown. 

 

3.3.2 Structural evolution of PtRu during dissolution 

XRD patterns of the post-dissolution study PtRu/C electrodes electrochemically treated in 0.1 M HCl 

(AST1) and the 1 M H2SO4 (AST2) are shown in Fig. 5a and 5b, respectively. For reference, XRD 

patterns of the PtRu/C electrode and the GDL (BC35) are also shown. As shown in the inset of Fig. 

5a, the graphitic carbon from GDL exhibits diffraction peaks at 2θ values of ~26.5o, ~42o and ~44o, 
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corresponding respectively to the (002), (100) and (101) planes (JCPDS-41-1487). The latter two 

peaks overlap the broad Pt (111) and Pt (200) peaks at 2θ values of 39.9o, and ~46.2o (JCPDS-04-

0802). This hinders a reliable estimation of the FWHM corresponding to the diffractions from Pt. 

However, the Pt (111) and Pt (200) peak intensities decrease substantially for the electrochemically 

treated electrodes in AST1, which may be attributed to the decreased amount of Pt on the post-

dissolution sample being analyzed. A lower peak intensity of the Pt (111) peak for the Pt-Ru-HCl-0.4 

electrode (El =0.4 V) as compared to that for Pt-Ru-HCl-0.2 electrode (El =0.2 V) correlates well with 

the higher dissolution rate of Pt (and hence less Pt loading on the post-dissolution sample) for the 

former. However, no significant growth of the PtRu crystallites is observed during the potential 

cycling in AST1. 

XRD patterns of the electrodes subjected to the potential cycling in 1 M H2SO4 according to AST2 

are shown in Fig. 5b. Here, for the electrodes subjected to AST1 and AST2, no significant difference 

is observed between these data and the corresponding diffraction peaks from graphitic carbon. 

Nevertheless, the Pt(111) and Pt(200) peaks exhibit significant evolution during AST2. The average 

crystallite size (L) values of the PtRu nanoparticles of the post-dissolution electrodes subjected to 

AST2 are estimated to be 6.6 and 3.8 nm for the EL values of 0.2 and 0.4 V, respectively, as compared 

to that of 2.2 nm for the pristine sample. The increase of L values the potential cycling treatment 

AST2 is attributed to reduction and redeposition of the dissolved Pt and/or Ru species on the original 

PtRu nanoparticles at reductive potentials during the cycling (24, 37-39). The larger growth of 

crystallites for EL = 0.2 V as compared to that for EL = 0.4 V may be attributed to the increased 

redeposition tendency at more reductive potentials, leading to lower dissolution rate of the metals 

prone to redeposition. As shown in Fig. 2, the effect of EL on dissolution rate of Ru is insignificant as 

compared to that on dissolution rate of Pt, possibly due to the lower reduction potentials for the 
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dissolved Ru species. Hence, the post-dissolution PtRu crystallites are expected to have a PtRu core 

and a shell of Pt due to preferential redeposition of the latter. 

 

Fig. 5: XRD patterns of PtRu/C electrodes subjected to electrochemical treatment according to (a) 

AST1 and (b) AST2, with El values of 0.2 and 0.4 V, shown as legend suffix. For comparison, XRD 

patterns of the pristine PtRu/C electrode and the GDL (BC35) are also shown. Insets of (a) and (b) 

show the magnified views for the Pt(111) and Pt(200) diffraction peaks. 

 

TEM images of pristine and post-dissolution study electrodes subjected to either 25 cycles between 

0.2 and 1.6 V at a scan rate of 100 mV/s in 0.1 M HCl, or 10000 cycles between 0.2 and 1.6 V at a 

scan rate of 1 V/s in 1 M H2SO4 are shown in Fig. 6. The number of potential cycles in 0.1 M HCl 

was reduced to 25 (instead of 50 cycles in other experiments) to avoid nearly complete dissolution of 

the PtRu particles with insufficient number of PtRu particles remaining for the TEM analysis. 

Respective values of the Pt and Ru dissolution rate for the electrode treated in 0.1 M HCl are ~74% 

and 44%, while those for the electrode treated in 1 M H2SO4 are ~25% and ~65%, respectively. 

Hence, as compared to those of a pristine electrode, the PtRu nanoparticles from the electrode treated 
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in 0.1 M HCl are Ru-rich, while those from the electrode treated in 1 M H2SO4 are Pt-rich. The 

particle morphology and agglomeration state change significantly during the potentiodynamic 

treatment. TEM images of both of the post-dissolution electrodes reveal an overall reduction of the 

support coverage by metal particles during the potential cycling treatment. Furthermore, while 

smaller particles appear agglomerated during potential cycling in 0.1 M HCl, comparatively larger 

particles are formed in case of 1 M H2SO4. 

The d-spacing values for the (111) planes in PtRu alloy nanoparticles for the pristine and 

electrochemically treated electrodes are shown in corresponding high-resolution TEM images of Fig. 

6. As the atomic radius of Ru (1.30 Å) is smaller than that of Pt (1.35 Å) (40), alloying of Pt with Ru 

(substitution of Pt atoms by Ru) reduces the lattice parameter as well as the d-spacing. Therefore, the 

increased d-spacing of the PtRu nanoparticles subjected to electrochemical treatment AST2 is 

attributed to the dissolution of Ru and the redeposition of Pt during potential cycling in H2SO4. On 

the other hand, the d-spacing of PtRu nanoparticles subjected to electrochemical treatment AST1 

remains relatively constant. This may be attributed to a relatively lower redeposition of the dissolved 

Pt and/or Ru species in 0.1 M HCl, and hence the composition of the residual PtRu particles being 

close to that of the untreated particles. 
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Fig. 6: TEM images of (a-b) the pristine PtRu/C sample and the post-dissolution electrodes 

subjected to (c-d) 25 cycles at a scan rate of 100 mV/s between 0.2 and 1.6 V in 0.1 M HCl and (e-

f) 10000 cycles at a scan rate of 1 V/s between 0.2 and 1.6 V in 1 M H2SO4. 

 

Further, XPS survey spectra of the pristine and the typical post-dissolution PtRu/C electrodes 

subjected to electrochemical treatment through AST1 (El = 0.4 V) or AST2 (El = 0.2 V) shown in Fig. 
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7a exhibit the peaks corresponding to various components of the electrode, namely the catalyst 

support (C), the PtRu catalyst and the Nafion® ionomer (C, F, O) (41). The Pt 4f peak intensity varies 

significantly for the three samples. A decreased Pt 4f peak intensity for the electrode treated in 0.1 M 

HCl as compared to that of the pristine electrode may be attributed to the decreased Pt loading on the 

electrode due to significant (~80%) dissolution of Pt. On the other hand, the Pt 4f peak intensity for 

the electrode treated in 1 M H2SO4 increases significantly as compared to that of the pristine electrode, 

despite ~25% dissolution of Pt. This may be due to the larger Pt nanoparticles formed freshly on the 

electrode surface through redeposition of the dissolved Pt species during the electrochemical 

treatment. The relatively low F 1s peak intensity may also be attributed to the correspondingly 

enhanced Pt 4f intensity as the surface of the pristine Pt nanoparticles is partially covered with the 

Nafion® ionomer, leading to a reduced XPS peak intensity from Pt. However, the most intense peak 

from Ru, at a binding energy (BE) of ~280 eV could not be observed, in any of the survey spectra 

possibly due to the Ru atoms having limited access to the surface (ionomer and/or Pt atom coverage). 

The narrow scans for BE corresponding to C and Ru for pristine and the post-dissolution study 

samples are shown in Figures 7b-7d. The XPS spectrum of the pristine PtRu/C electrode shown in 

Fig. 7b can be deconvoluted into three components centered at BE values of 280.0, 285.0 and 291.2 

eV, where the first component corresponds to Ru 3d, while the two C 1s components may be 

attributed respectively to C-C (285.0eV) and C-F (291.2eV) chemical states of carbon. The same peak 

components can also be observed for the electrode treated in 0.1 M HCl (AST1), with a relatively 

lower intensity of Ru 3d peak (Fig. 7c) due to significant (~30%) dissolution of Ru. Finally, the XPS 

spectrum of the PtRu/C electrode treated in 1 M H2SO4 (AST2) shown in Fig. 7d may fail to show a 

peak corresponding to Ru 3d, due to high Ru dissolution (~65%) and reconstruction of the catalyst 

particles through redeposition of Pt, possibly covering  

the original PtRu nanoparticles with Pt. 
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Fig. 7: (a) XPS spectra (survey scan) of the post-dissolution PtRu/C electrodes subjected to 

electrochemical treatment in 0.1 M HCl or 1 M H2SO4 (AST1 or AST2). XPS spectra (narrow scan) 

corresponding to C 1s and Ru 3d peaks for (b) the pristine PtRu/C electrode, (c) the post-dissolution 

PtRu/C electrode subjected to electrochemical treatment AST1 and (d) the post-dissolution PtRu/C 

electrode subjected to electrochemical treatment AST2. The deconvoluted C1s and the Ru 3d peak 

components have also been shown. 

 

3.4 Impact of dissolution on electrocatalytic activity 
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Observational cyclic voltammograms recorded after certain N values during the electrochemical 

treatment (AST2) of the PtRu/C electrodes are used to study the evolution of their electrochemical 

surface area (ECSA) for Pt with the N values. The evolution of the observational cyclic 

voltammograms during the electrochemical treatment may also be used to look into the nature of the 

species adsorbed on PtRu surface during the stress cycling of AST2. Fig. 8a and 8b show, 

respectively, the first and the second cycle of the observational cyclic voltammograms recorded after 

every specified value of N for the electrochemical treatment AST2 with El being 0.4 V. Similarly, the 

first and second cycles of the observational cyclic voltammograms for various N values during AST2 

with EL being 0.2 V have been shown in Fig. 8c and Fig. 8d, respectively. Here, the negative-going 

scans of the first cycles exhibit cathodic peaks corresponding to reduction of various species adsorbed 

on the PtRu surface during the stress cycling (39). On the other hand, the negative-going scans of the 

second cycles exhibit cathodic peaks corresponding to the formation of PtRu oxides during the 

corresponding positive-going scans of the first observational cycles. With dissolution Ru and 

redeposition of Pt with increasing N values, the cyclic voltammograms of Fig. 8b become ‘Pt-like’ 

with presence of peaks corresponding to formation and reduction of Pt-Oxides. For the AST2 

treatment with El being 0.2 V (Fig. 8c and Fig. 8d), the negative-going scans of the observational 

cyclic voltammograms exhibit relatively intense (as compared to those for EL = 0.4 V) peaks 

corresponding to reduction of the PtRu oxides. The higher peak intensities may be attributed to the 

fact that during stress cycling till EL = 0.2 V, a complete reduction of the species adsorbed on the 

PtRu surface takes place during every stress cycle, which provides a fresh surface highly active for 

adsorption/oxidation (and hence higher rate of redeposition as well). 
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Fig. 8: (a) First cycle (b) second cycle of the observational cyclic voltammograms recorded after 

different N values during electrochemical treatment of PtRu/C electrode according to AST2 with EL 
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= 0.4. (c) First cycle (d) second cycle of the observational cyclic voltammograms recorded after 

different N values during AST2 with EL = 0.2. (e) Evolution of the ECSA for Pt during AST2 of 

PtRu/C electrode (legends show the potential windows used for the stress cycling). Inset shows the 

evolution of ECSA after N=100 assuming 100% ECSA for N=100). (d) Magnified view of (c) 

showing the effect of EL on the N value required to reach ECSA maxima.  

 

Fig. 8e and Fig. 8f demonstrate the evolutions of the ECSA during the AST2 treatments till El values 

of 0.2 and 0.4 V. As compared to that for the AST2 with El = 0.4 V, higher ECSA loss is observed 

for the AST2 with El = 0.2 V. This higher ECSA loss for El = 0.2 V may be attributed to the higher 

rate of redeposition and hence the larger particle/crystalline size of PtRu nanoparticles. Moreover, 

the ECSA for Pt increases initially with N for both the EL values due to increased Pt surface area with 

leaching of Ru atoms to increase the Pt surface area. As shown in Fig. 8f, the ECSA maximum appears 

at N values of 100 and 400 respectively for the EL values of 0.2 and 0.4 V during AST2, due to the 

higher rate of Ru dissolution in the former case.  

 

4. Conclusions 

In conclusion, dissolution of Pt and Ru from electrodes containing PtRu alloy nanoparticles has been 

studied through potential cycling in 0.1 M HCl and 1 M H2SO4 electrolytes to investigate their relative 

stabilities against potentiodynamic dissolution in chloride containing and chloride free electrolytes. 

During potential cycling in presence of chloride (0.1 M HCl), the stability of Pt is observed to be 

lower than that of Ru. This is attributed to formation of stable PtClx complexes and hence reduced 

redeposition of the dissolved Pt species. On the other hand, in absence of chloride, due to redeposition 

of the instable dissolved species, Pt shows stability higher than Ru. Hence, during operation in 
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chloride-free environment, PtRu catalysts exhibit initial increase of ECSA due to increased Pt surface 

area by leaching of Ru. Again, the cyclic voltammograms during AST2 exhibit ‘Pt-like’ characteristic 

with increasing number of cycles. Further, effect of potential window on the relative dissolution of 

Pt and Ru are also investigated. With decreasing the lower potential limit from 0.4 V to 0.2 V during 

potential cycling in chloride containing or chloride-free electrolyte, the dissolution rate decreases for 

Pt and increases for Ru. Hence, the dissolved Ru species have less tendency for redeposition as 

compared to the Pt species. The redeposition of dissolved Pt and Ru species is reduced by use of Cu 

as surface switching species. The knowledge may be utilized towards sustainable recovery and 

separation of Pt and Ru from the spent PtRu alloy catalysts. The PtRu dissolution in H2SO4 is 

important for the electrocatalytic performance of the alloy during device operation. On the other hand, 

electrochemical dissolution in dilute acidic electrolytes such as 0.1 M HCl is important for sustainable 

recycling of the spent PtRu electrocatalysts. 
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