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ABSTRACT 

Screening new electrocatalysts is key to the development of new materials for next-generation energy 

devices such as fuel cells and electrolysers.  The counter electrodes used in such tests are often made from 

materials such as Pt and Au, which can dissolve during testing and deposit onto test electrocatalysts, 

resulting in inaccurate results.  The most common strategy for preventing this effect is to separate the 

counter electrode from the test material using an ion-transporting Nafion membrane. Here, we use X-ray 

photoelectron spectroscopy, energy-dispersive X-ray analysis, mass spectrometry, and voltammetry to 

demonstrate the limitations of this approach during constant-current, extended stability testing of electro-

catalysts for H2 evolution.  We show that Nafion membranes cannot prevent contamination of carbon 

electrocatalysts by Pt and Au counter electrodes, leading to an apparent increase in electrocatalytic activity 

of the carbon. We then demonstrate that carbon counter electrodes in undivided cells can contaminate and 

deactivate Pt and Au electrocatalysts for H2 evolution.  We show that use of a setup comprising a glass 

frit separating a carbon counter electrode from the test electrocatalyst can prevent these effects.  Finally, 

we discuss these phenomena using H2 evolution at MoS2 and at a K6[P2W18O62](H2O)14/carbon nanotube 

composite as test reactions.
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INTRODUCTION 

The development of earth-abundant electrocatalysts is a key driver in the development of next-

generation hydrogen fuel cells and water electrolysers – devices that are expected to play key roles in the 

emerging hydrogen economy. The development of such systems requires that methods for accurately 

measuring the activity of electrocatalysts are available, and the method-of-choice is rotating-disk elec-

trode voltammetry.1-9 Glassy carbon (GC) is usually used as the substrate for electrocatalyst testing, due 

to its wide electrochemical window and low electrocatalytic activity towards reactions such as the oxygen-

evolution reaction (OER), oxygen-reduction reaction (ORR), hydrogen-evolution reaction (HER), and 

hydrogen-oxidation reaction (HOR).6,10,11  

Counter electrodes in electrochemical cells are usually fabricated from materials such as Pt and 

Au, due to their perceived electrochemical inertness.12 Indeed, Pt has been recommended as a counter-

electrode material in guides to electrochemistry and electrocatalysis.2,9,13 However, if the potential of the 

counter electrodes becomes sufficiently high during analysis, dissolution of the metal can occur.14 This 

effect is exacerbated when the potential of the test electrocatalyst is cycled – a common method for pre-

activating electrocatalysts2 and examining their long-term stability.3,8,15  For example, if the potential of a 

Pt electrode is cycled between those at which the ORR and OER occur, repeated reduction of electrogen-

erated Pt—O species exposes readily-solubilized, low-coordinate Pt.12,14,16-20  Dissolved Pt ions can reach 

and become deposited on the electrocatalyst surface, increasing the apparent activity of the test mate-

rial.3,7,8,12,21-26 Increasing the surface area of the counter electrode decreases the current density it experi-

ences, and while this can slow the dissolution process, it cannot stop it.27 Dissolved Cl– ions (either from 

the supporting electrolyte or leaking from a reference electrode) can also increase the rate of dissolution 

of Pt and Au electrodes through the formation of metal-chloride complexes.12,25 

One of the most common strategies for mitigating the effects of dissolution of Pt counter electrodes 

is to separate the test electrocatalyst from the counter electrode using a Nafion membrane.12,22,27-29 How-

ever, a search of the literature does not reveal strong evidence for the effectiveness of this strategy. There 

is, on the other hand, evidence that Nafion is permeable to dissolved Pt ions. For example, Pt ions 
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dissolving from fuel-cell cathodes can enter and deposit in Nafion proton-exchange membranes during 

operation.30-33 Transport of dissolved Pt ions through Nafion membranes has even been used to fabricate 

membrane-electrode assemblies.34 Perhaps the most obvious solution to the problem of counter-electrode 

dissolution is to use non-metal counter electrodes, such as graphite rods.3-5,7,8,11,24,35,36 Some work has 

probed the effectiveness of this strategy but, as with earlier studies on Pt dissolution, it was probed using 

extended potential-cycling tests.8,24  Real devices would not experience the kind of potential excursions 

used in accelerated-stability tests and are expected to operate at or near constant currents or potentials.  

Consequently, testing the long-term stability of electrocatalysts at constant currents is also important.5 

In this contribution, we first show that Pt counter electrodes contaminate and activate GC electro-

catalysts during constant-current HER in undivided cells containing acidic electrolytes.  After 24 h, the 

electrocatalytic activity of the contaminated GC increases such that it is similar to that of pure Pt. We then 

show that use of a Nafion membrane to separate Pt and Au counter electrodes from the GC is ineffective; 

microscopic and spectroscopic analysis shows that GC surfaces become covered with Pt and Au after 24 

h of HER electrolysis. Electrochemical analysis shows that the use of carbon counter electrodes in undi-

vided cells can lead to the opposite problem; deposition of particulate carbon onto Pt and Au electrocata-

lysts reduces their electrocatalytic activity for the HER. We show that these problems can be avoided by 

using a carbon counter electrode separated from the test electrocatalyst by a glass frit. We discuss this 

strategy using HER at a K6[P2W18O62](H2O)14/single-walled carbon nanotube 

(K6[P2W18O62](H2O)14@SWNT) composite and a MoS2 electrocatalyst as test reactions.  

 

EXPERIMENTAL 

Materials and Apparatus. Polishable 5-mm diameter GC, Pt, and Au rotating disk electrodes (Pine 

Research, Durham, NC) were used as HER electrocatalysts, allowing us to reproduce surfaces with con-

sistent electrocatalytic activity. Pt- and Au-coil counter electrodes were from CH Instruments (Austin, 

TX) and graphite and glassy-carbon rods were from Alfa Aesar. Ag/AgCl reference electrodes containing 
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saturated KCl were from CH Instruments and Nafion-117 was from Alfa Aesar. Unless otherwise indi-

cated, 1.0 mol dm−3 H2SO4 was used as the electrolyte. 100 mg dm–3 Pt and Au in 2% HCl standard 

solutions were from Fischer Scientific. MoS2 was from Alfa Aesar and was used as received. 

Electrochemical testing was carried out using a Model CHI760C potentiostat (CH Instruments) 

coupled with a modulated speed rotator from Pine Research. X-ray photoelectron spectroscopy (XPS) 

was carried out using a Kratos AXIS DLD instrument equipped with an Al Kα X-ray source (1486.6 eV). 

CasaXPS software was used with Kratos sensitivity factors to determine atomic concentrations. A Shirley 

background correction was applied to all spectra prior to analysis. All spectra were charge corrected to 

the adventitious carbon peak at 284.8 eV.  Fitting of spectral components used the asymmetrical line 

shapes LF(0.5,1,400,500) and DS(0.01,250) for Pt and Au, respectively.  A Zeiss EVO MA10 scanning 

electron microscope equipped with secondary- and backscattered-electron detectors and an energy dis-

persive X-ray (Element, AMETEK) analyser was used for scanning electron microscopy (SEM) and ele-

mental detection. The accelerating voltage was 20 kV. 

Diluted aliquots of the electrolyte were analysed for Pt and Au by inductively-coupled plasma 

mass spectrometry (ICP-MS) using an iCAP-Q from Thermo Fisher Scientific (Bremen, Germany) with 

a collision cell charged with He. Kinetic energy discrimination (KED) was used to remove polyatomic 

interferences. Samples were introduced at 1.2 cm3 min−1 from an autosampler (Cetac ASX-520) incorpo-

rating an ASXpress™ rapid uptake module through a perfluoroalkoxy (PFA) Microflow PFA-ST nebu-

liser (Thermo Fisher Scientific, Bremen, Germany). 

Experimental Methods. GC electrodes were prepared by briefly immersing them in aqua regia, 

rinsing in milli-Q water, and polishing to a mirror finish with alumina (1.0, 0.3, 0.05 μm, Buehler, Cov-

entry, UK). Pt and Au electrodes were polished to mirror finishes using alumina (1.0, 0.3, 0.05 μm). Prior 

to use, Pt counter electrodes were flame treated and Au electrodes were rinsed with milli-Q water. Graph-

ite rods were polished with 0.05 μm alumina, rinsed with water, immersed in 1.0 mol dm–3 HNO3 for at 

least 60 min, then agitated ultrasonically in water.  A 3-necked flask, a separable H-cell, or an H-cell 

containing a built-in glass frit was used for electrochemical measurements. In divided cells, one 
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compartment contained the test electrocatalyst and the other contained the Ag/AgCl reference electrode 

and counter electrode. Membranes were immersed in 1.0 mol dm−3 H2SO4 for at least 20 min before use. 

Each half of the H-cells contained 20 cm3 of electrolyte, and approximately 3.14 cm2 of the counter elec-

trodes were submerged in the electrolyte. The electrolyte was purged with N2 prior to use, and an N2 

atmosphere was maintained through use of an Atmos bag.  

MoS2 electrodes were fabricated by dispersing MoS2 in isopropyl alcohol and agitating the dis-

persion ultrasonically for 30 min. 0.010 cm3 of the dispersion was drop-cast onto a 5-mm diameter GC 

electrode to give an approximate loading of 1.8 mg cm–2. The K6[P2W18O62](H2O)14@SWNT electrode 

was prepared by mixing a solution containing 1 wt.% K6[P2W18O62](H2O)14@SWNT and 3 wt.% PTFE 

binder ultrasonically for 20 min. 0.080 cm3 of the mixture was deposited onto a 3-mm diameter GC elec-

trode surface and allowed to dry in air. Electrochemical testing of this electrocatalyst was carried out using 

1.0 mol dm–3 HCl purged with Ar as electrolyte, and a saturated calomel reference (SCE) electrode. Unless 

otherwise indicated, all potentials are reported on the reversible hydrogen electrode (RHE) scale. Con-

stant-current stability tests were carried out by passing −10 mA cm−2 through electrocatalysts for 24 h 

while the electrodes rotated at 1600 rpm. 

 

RESULTS AND DISCUSSION 

Contamination of Working Electrodes in Undivided Cells. Our starting point was to examine the 

effects of driving the HER at GC electrocatalysts in undivided cells.  −10 mA cm−2 was passed through 

an undivided cell containing either a Pt or Au counter electrode, an Ag/AgCl reference electrode, and a 

GC electrocatalyst. Figures 1A,B show voltammograms recorded before (dashed lines) and after (solid 

lines) 24 h. Initially, only background current flowed in each case, due to the poor electrocatalytic activity 

of GC for the HER. However, the HER onset potentials were −0.05 V and –0.1 V after 24 h using the Pt 

and Au counter electrodes, respectively. The HER overpotential at −10 mA cm−2 (which is commonly 

used as a measure of electrocatalytic performance) after 24 h electrolysis with a Pt counter electrode was 
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just 0.125 V more negative than when using a pure Pt electrocatalyst for the HER,5 demonstrating the 

drastic activation of the GC that occurred over the test period.   

 

 
 

Figure 1. (A,B) Voltammograms recorded before and after 24 h of HER at GC at –10 mA cm–2 in a cell 

containing a Pt and Au counter electrode, respectively. (C,D) Scanning electron microscopy images of the 

GC surfaces after 24 h HER in a cell containing a Pt counter electrode and an Au counter electrode, 

respectively. (E,F) X-ray photoelectron spectra showing the presence of Pt and Au on the GC surface after 

the extended stability tests in which Pt and Au, respectively, were used as counter electrode.  
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SEM images of the GC surface after the stability test in which a Pt electrode was used (Figure 1C) revealed 

bright 700-1600 nm spots on the GC surfaces.  The spots were identified as Pt islands using EDX analysis. 

Au dendrites were observed on the GC surface (Figure 1D) after the same experiment was carried out 

with an Au counter electrode. High-resolution XPS (Figures 1E,F) of the GC surfaces revealed doublets 

in the Pt and Au regions, which are attributable to the Pt 4f7/2, Pt 4f5/2, Au 4f7/2 and Au 4f5/2 signals, 

respectively.  Deconvolution of the Pt peaks reveals that the Pt was 93% Pt(0) (71.3 and 74.6 eV)32,37 and 

7% Pt(II) (72.2 and 75.5 eV),32,37 while the Au was predominantly Au(0).38,39 Comparison of the areas of 

the Pt and Au peaks compared to those of C, O, N, and S yielded estimated Pt and Au surface concentra-

tions of 0.21 and 10.0 at. %, respectively. The low quantity of Pt is similar to that observed by Zhang and 

co-workers, who deposited 0.08-0.16 monolayers of Pt onto a GC electrode during deliberate anodic dis-

solution of a Pt electrode and subsequent deposition of the dissolved Pt onto a carbon electrode for 2 h at 

−0.7 V vs. NHE.40 

Divided Cells for Mitigation of Metal Crossover. We repeated the extended stability tests by driv-

ing the HER at GC at −10 mA cm−2, but this time we separated the GC from the counter and reference 

electrodes by a Nafion membrane. After 24 h using the Pt counter electrode, the concentration of Pt in the 

counter-electrode compartment was 31 ppb (measured by ICP-MS), while that in the HER compartment 

was 0.10 ppb. When a glass frit was used as the separator, the concentration of Pt in the HER compartment 

was 3.1 ppb, showing that the glass frit was more permeable to Pt ions.  Figures 2A,B show XP spectra 

of the GC surfaces after 24 h of HER electrolysis with Pt and Au counter electrodes, revealing doublets 

similar to those in Figures 1E,F, and proving that the metals had deposited onto the GC surface, despite 

the presence of the Nafion barrier. Comparison of the dashed and solid black voltammograms of Figures 

2C,D shows that the amounts of Pt and Au crossing the Nafion and depositing onto the GC were sufficient 

to decrease the onset potential for the HER to about –0.5 V and –0.4 V, respectively.  The gray line of 

Figure 2C shows that use of the glass frit resulted in a larger decrease of the HER onset potential to about 

–0.2 V, due to the transport of more dissolved Pt across the frit.  The HER overpotential at −10 mA cm−2 

was −0.42 V and −0.67 V after using the glass frit and Nafion membrane, respectively, to separate the GC 
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from the Pt counter electrode. Use of the Nafion membrane to separate the Au counter electrode from the 

GC resulted in an HER overpotential at –10 mA cm−2 of –0.54 V after 24 h of electrolysis.  These data 

prove that Nafion membranes, while more effective than glass frits, could not prevent contamination and 

activation of the GC surfaces by dissolved Pt and Au from counter electrodes during the HER. 

 

 

Figure 2. XP spectra of a GC surface after 24 h of HER at –10 mA cm–2 in cells containing (A) Pt and 

(B) Au counter electrodes, with a Nafion membrane separating the counter/reference electrodes from the 

GC. (C) Voltammograms recorded before (dashed line) and after (solid lines) 24 h of HER at  

–10 mA cm–2 at GC in cells containing a Pt counter electrodes and a Nafion-membrane (black solid line) 

and glass-frit separator (gray solid line), respectively. (D) Voltammograms recorded before (dashed line) 

and after (solid line) 24 h of HER at –10 mA cm–2 at GC in a cell containing an Au counter electrode and 

Nafion-membrane separator. 
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Figure 3A shows an SEM image of the GC electrode (HER) side of a membrane after 24 h 

electrolysis with an Au counter electrode. Bright spots are visible on the surface and the EDX map in 

Figure 3B confirms that these were Au particles. XPS analysis of the membrane (Figure 3C) revealed a 

doublet centred at 84.2 and 88 eV, corresponding to the 4f7/2 and 4f5/2 peaks of Au.  SEM analysis of the 

membrane used with the Pt counter electrode revealed bright spots on both sides (Figures 4A,B), and 

EDX analysis confirmed they were Pt (Figure 4C).  The presence of the metals on the Nafion can be 

attributed to reduction of metal ions crossing the membranes by H2 generated at the GC surfaces over 24 

h.  A similar phenomenon has been observed during “post-mortem” analysis of Nafion membranes from 

proton-exchange membrane fuel cells.41,42  Oxidation of Pt at fuel-cell cathodes releases mobile Pt2+, 

which is reduced in the Nafion by H2 supplied to the anode.  That significantly less Pt than Au was de-

tected on our membranes is presumably due to a lower concentration and/or slower reduction of dissolved 

Pt2+ ions in our systems.  Indeed, XPS analysis of 3 random spots on the membrane surface failed to 

identify any Pt, due to its localization on the membrane surface (as evident from Figure 4A,B).  The 

localised deposition of Pt may be due to microscopic inhomogeneities on the Nafion membrane acting as 

nucleation sites.  Finally, and as a control experiment, we explored the transport of dissolved metals across 

the membrane in the absence of electrolysis. An H-cell containing 1.0 mol dm−3 H2SO4 on each side was 

constructed, and one side was spiked with 1 ppm Pt. A stirrer bar was used to emulate the rotation of the 

electrode on the non-spiked side. After 24 h, the non-spiked side contained 0.70 ppb Pt. The glass frit was 

nearly 8 times worse than the Nafion and allowed 5.5 ppb of Pt to build up in the non-spiked side of the 

cell.  
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Figure 3. (A) Back-scattered electron SEM image of a Nafion membrane after 24 h of HER at –10 mA 

cm–2 at GC in a cell containing an Au counter electrode on the other side of the membrane. (B) EDX 

image of the boxed area in A, in which the orange spots correspond to Au. (C) High-resolution XP spec-

trum of the membrane surface in the Au region. 

 
 
 
 
 

Use of Carbon Counter Electrodes to Mitigate against Metal Contamination. Given the prob-

lems associated with the use of metal counter electrodes, avoiding the use of metal seems a logical solu-

tion. It is generally thought that the use of graphite counter electrodes has no (or very little) influence on 

the activity of test electrocatalysts8,22,24 and, consequently, this has been proposed as best practice for 

testing new materials.3-5,7,8,11,24,35,36  However, as far as we can tell, no study has specifically reported on 

the use of graphite counter electrodes for extended constant-current HER tests, though some report the 

use of graphite counter electrodes for transient experiments.8,24   
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Figure 4. SEM images of Nafion after use in a divided cell containing a Pt counter electrode and in which 

the HER occurred for 24 h at GC at –10 mA cm–2. (A) GC electrode (HER) side (B) counter-electrode 

(CE) side. (C) EDX spectra of both sides of the membrane. The red circles on the images show where 

EDX spectra were recorded. Spectra are normalized to the F Kα peak heights. 

 

 

We first tested the effect of using of a graphite counter electrode in an undivided cell containing a 

polished Pt electrocatalyst for the HER. The black dashed line in Figure 5A shows the voltammogram 

recorded at the beginning of the test period. The HER onset potential was about 0.0 V, as expected for a 

Pt electrocatalyst.  The solid black line shows the voltammogram recorded after 24 h.  Remarkably, the 

magnitude of the HER overpotential at –10 mA cm-2 increased by more than 0.1 V over the test period, 

demonstrating that the electrocatalytic activity of the Pt surface decreased over the test period.  Micro-

scopic analysis of the surface of Pt after the stability test revealed that the surface had become 
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contaminated with carbonaceous spots (Figure 6).  That we observe a large apparent decrease in the ac-

tivity of Pt over 24 h of electrolysis using a carbon counter electrode, and such an effect has not been 

reported previously, may be a result of the HER occurring at a constant current density during the aging 

period, rather than by potential cycling.   

 

 

Figure 5. (A) Voltammograms recorded before (dashed line) and after (solid lines) 24 h of HER at –10 

mA cm–2 at Pt in an undivided cell containing a graphite counter electrode.  The gray line (which overlaps 

the black dashed line) shows the voltammogram recorded after the Pt electrocatalyst had been separated 

from the counter electrode by a Nafion membrane.  (B) Voltammograms recorded before (dashed lines) 

and after (solid lines) 24 h of HER at –10 mA cm–2 in cells containing Pt (black) and Au (gray) electro-

catalysts separated from a graphite counter electrode by a glass frit. 
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Figure 6. Back-scattered electron SEM image of a Pt surface after 24 h of HER at −10 mA cm−2 in an 

undivided cell containing a graphite counter electrode, showing contamination of the Pt with carbona-

ceous material (dark spots).  

 

We then tested the effect of using a Nafion separator to isolate the carbon counter electrode from 

the Pt, and the resulting voltammogram is also presented in Figure 5A (gray solid line, which overlaps 

with the dashed line). No change in activity of the Pt electrode was observed during the test, indicating 

that the membrane had effectively prevented the crossover of contaminants from the graphite counter 

electrode. We also tested the effectiveness of using a glass frit to separate the carbon counter electrode 

from Pt and Au electrocatalysts, a common approach to electrocatalyst testing5 (though to the best of our 

knowledge no published data has demonstrated the usefulness of this strategy).  Figure 5B shows that 

after 24 h of HER, the voltammograms recorded using each electrocatalyst almost overlaid each other, 

demonstrating that the glass frit could effectively prevent deactivation of the electrocatalysts when graph-

ite counter electrodes were used.  We also investigated whether it was possible to use a GC rod instead of 

graphite as counter electrode in an undivided cell. In this case, a glass frit was also required to prevent 

contamination and deactivation of an Au electrocatalyst for the HER, a factor that could be attributed to 

flaking of the GC electrodes due to oxidation of graphitic domains.43  

Electrocatalysis of H2 Evolution at MoS2 and K6[P2W18O62](H2O)14@SWNT. The implications 

of our observations were examined using MoS2, which has been used as an earth-abundant HER electro-

catalyst.44,45  Testing and optimising such high-surface-area, earth-abundant electrocatalysts is of 
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significant interest to those interested in developing cost-effective materials for the H2 generation.  HER 

voltammograms were recorded using MoS2 deposited onto a GC electrode before and after 24 h of con-

stant-current HER using a Pt and graphite counter electrode (Figure 7).  The graphite rod counter electrode 

was used with and without a glass frit separating it from the MoS2. Before the extended stability test, the 

HER onset potential was about –0.25 V, which is typical of that expected for this electrocatalyst,46 and 

the overpotential at −10 mA cm−2 was –0.437 V. The voltammogram recorded after 24 h of HER at  

–10 mA cm–2 in the undivided cell containing a Pt counter electrode (blue solid line) shows that a large 

decrease in the HER overpotential (at –10 mA cm–2) to −0.144 V occurred during the test period.  When 

a graphite rod was used in place of a Pt counter electrode, both with and without a glass frit separating it 

from the MoS2 electrocatalyst, the voltammograms recorded before and after 24 h almost overlaid each 

other, and the overpotential at –10 mA cm2 was similar in each case (dashed black line and gray and black 

solid lines).  These observations demonstrate that the decrease in overpotential when using the Pt counter 

electrode was due to contamination of the MoS2 with Pt, and that the use of the carbon electrode was 

necessary when studying the long-term stability of MoS2.  That the MoS2 electrocatalyst was less suscep-

tible to the effects of carbon contamination than the Pt and Au electrocatalysts may be due to the high 

availability of active sites in MoS2. Moreover, deactivation of Pt by carbon is expected to be pronounced 

due to its high initial activity.  Nonetheless, considering our data showing that carbon can be transported 

to the electrocatalyst surface during long-term polarization of HER electrocatalysts, we believe that it is 

prudent to use a glass frit to isolate the electrocatalyst surface from the carbon counter electrode.  
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Figure 7. Voltammograms recorded before (dashed line) and after (solid lines) 24 h of HER at –10 mA 

cm–2 at a GC-electrode coated with MoS2 in divided (black/grey solid lines) and undivided (blue solid 

line) cells containing a carbon or Pt counter electrode (CE). 

 

Finally, we assessed whether our findings also applied to potential-cycling experiments. For this 

experiment, we chose a material comprising the Wells-Dawson tungsten polyoxometalate (POM) 

K6[P2W18O62](H2O)14 encapsulated within single-walled nanotubes (K6[P2W18O62](H2O)14@SWNT).  

This material has been described recently and represents a class of materials that offer unique opportuni-

ties for electrochemical applications.47  A drop-cast film of this material on a GC electrode was cycled in 

Ar-purged 1.0 mol dm−3 HCl at 100 mV s−1. The black voltammogram in Figure 8A shows 3 sets of redox 

waves in the potential region between −0.1 and −0.7 V, attributable to the following redox couples (from 

most positive to most negative): 

 

[P2W18O62]6− + 2e− ↔ [P2W18O62]8−               (1) 

 

[P2W18O62]6− + 2e− + 2H+ ↔ [H2P2W18O62]8−             (2) 

 

[H2P2W18O62]8− + 2e− + 2H+ ↔ [H4P2W18O62]8−                 (3) 
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Figure 8. The 1st, 200th, and 330th cyclic voltammograms of K6[P2W18O62](H2O)14@SWNT deposited 

onto a stationary GC electrode and cycled at 100 mV s−1 in an undivided cell containing (A) a Pt counter 

electrode and (B) a GC-rod counter electrode. 

 

The bell shape of the voltammetric peaks in Figure 8 can be attributed to confinement of the composite 

on the electrode surface (that is, the peaks show non-diffusional responses).  After fewer than 200 elec-

trochemical cycles in an undivided cell containing a Pt counter electrode (Figure 8A), the peak currents 

decreased due to slow loss of the material from the electrode.  However, by the 300th cycle, a large increase 

in cathodic current appeared at potentials negative of about –0.6 V.  This effect has been observed previ-

ously during solution-phase electrochemistry of POMs and was originally attributed to the formation of a 

POM-derived HER electrocatalyst upon potential cycling.48,49 It has since been shown that this increase 

in electrocatalytic HER activity was due to migration of dissolved Pt from Pt counter electrodes onto the 

electrode surface, which catalyzed the HER.26 Zhang et al. have used this phenomenon to produce highly 

active silicotungstate POM electrocatalysts.40  

We repeated the cycling experiments using our K6[P2W18O62](H2O)14@SWNT composite elec-

trode and a GC counter electrode instead of a Pt counter electrode (Figure 8B), and found that the HER 

current at potentials negative of −0.6 V no longer appeared. The only change in the voltammograms was 

the decrease in the peak areas, due to loss of the active POMs from the electrode.  Furthermore, we found 
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that after 330 cycles in the cell containing the Pt counter electrode, there was significant H2 bubble for-

mation on the electrode surface due to the HER, preventing meaningful voltammograms from being rec-

orded. In contrast, when a GC counter electrode was used no bubble formed at the electrode surface, 

further demonstrating that the use of a carbon electrode in this system was necessary to avoid the problems 

associated with the use of Pt counter electrodes.  

 

CONCLUSIONS 

H2 evolution in cells containing Pt and Au counter electrodes leads to dissolution of the counter 

electrodes and results in metal deposition onto glassy-carbon electrocatalysts in undivided electrochemi-

cal cells, increasing the electrocatalytic activity of the carbon surface for H2 evolution.  Nafion membranes 

cannot prevent this contamination of the electrode. The use of graphite and glassy carbon counter elec-

trodes can cause the opposite problem, contaminating Pt and Au electrocatalysts and decreasing their 

activities significantly. This phenomenon can be avoided by using a carbon counter electrode separated 

from the electrocatalyst by a glass frit.  The effects of using noble-metal counter electrodes and separators 

to isolate test electrocatalysts was demonstrated using a MoS2 electrocatalyst for H2 evolution. We also 

showed that potential-cycling of polyoxometalate-based composite electrodes is sensitive to contamina-

tion by Pt from counter electrodes, but this can be prevented using a carbon counter electrode. We recom-

mend that divided cells containing carbon-based counter electrodes are used when analysing the perfor-

mance of electrocatalysts for H2 evolution, to avoid the reporting of erroneously high or low performance 

metrics for electrocatalysts for H2 evolution. This approach will save time and resources as we face the 

important challenge of finding new materials for the emerging hydrogen economy. 
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