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The transition to non-platinum group metal (PGM)
electrocatalysts for the oxygen reduction reaction
(ORR) in polymer electrolyte fuel cells (PEFCs) is
central to achieving sustainable and cost-effective
energy conversion. However, the continued
widespread use of platinum counter electrodes
in electrochemical testing introduces a critical
artefact, namely, platinum dissolution, migration
through the electrolyte and redeposition onto
the working electrode. This potentially skews
performance metrics and undermines claims of
‘platinum-free’ sustained ORR activity. This study
systematically investigates this issue using a
model nitrogen-doped carbon electrocatalyst with
inherently low catalytic activity, allowing facile
observation of small performance improvements
that may be difficult to separate in high-
performance catalysts. Platinum wire and graphite
rod counter electrodes are compared under load
cycling and start-stop conditions in both acidic
and alkaline media over 60,000 potential cycles.
We demonstrate that platinum contamination
from the counter electrode significantly enhances
ORR activity and slows performance degradation,
effects which are absent when a graphite counter
electrode is used. Transmission electron microscopy
(TEM) confirms platinum electrodeposition on
the working electrode. These findings challenge
prevailing experimental protocols and establish the
graphite counter electrode as essential for accurate
benchmarking of non-PGM catalysts. The work
delivers a clear methodological clarification with
broad implications for electrocatalyst development
and validation.
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1. Introduction

PEFCs will play a crucial role in supporting the
hydrogen economy (1-5), and in recent years
their commercial use has been steadily increasing.
Commercial applications of PEFCs include fuel cell
electric vehicles, portable charging devices and
combined heat and power systems (6, 7). While
real-world implementation of PEFCs is increasing,
a remaining issue for widespread use is the high
cost. This is partly due to the typical use of a PGM
catalyst to overcome the slow reaction kinetics
of the ORR at the cathode, for example platinum
nanoparticles decorated on carbon black (Pt/C)
(5, 8-13). In response to this, research into
alternative non-PGM electrocatalysts is continuing
in earnest (14-16). One of the most promising
and widely investigated classes of catalyst are
nanostructured nitrogen-doped carbons decorated
with transition metals, commonly known as *‘M-N-C’
electrocatalysts (17). The most frequently studied
metals used in this application are iron (Fe-N-C) and
cobalt (Co-N-C) (17-19). Meanwhile, metal-free
electrocatalysts are an interesting sub-class of
non-PGM electrocatalyst, in which the inherent
activity of, for example, the nitrogen-doped carbon
(N-C) surface in the absence of a transition metal
containing site is used to drive the ORR (especially
under basic conditions). Such metal-free N-C
electrocatalysts tend to display improved stability
compared with M-N-C electrocatalysts, and they are
somewhat promising for application in alkaline ion
exchange membrane fuel cells (20-23). However,
the initial ORR activity of N-C electrocatalysts is
understandably relatively low (compared to M-N-C
catalysts) due to the lack of a metal-based strong
binding site for oxygen molecules. Further, the
role of trace transition metal contamination in the
catalytic activity of the best-performing reported
‘metal-free’ materials is heavily debated. Here,
we focus on N-C electrocatalysts as a model
system (20).

Voltammetry is a standard technique for screening
the electrochemical activity of electrocatalysts,
typically performed in a three-electrode setup
to probe a particular half-cell reaction, such
as the ORR. This configuration includes: (a) a
working electrode where the catalyst of interest is
deposited; (b) a reference electrode with a stable
and known potential to compare against; (c) a
counter electrode, which completes the circuit by
balancing the current flow at the working electrode
(24, 25). Platinum wire, foil or mesh is commonly
used as the counter electrode and is generally

suitable for many systems. However, the stability of
the counter electrode within the electrolyte should
also be considered. Platinum dissolution in fuel-cell
electrodes is well-established as a transient,
potential-dependent process, occurring during both
the formation and reduction of platinum oxides at
the surface-electrolyte interface. This has been
observed at potentials as low as 0.85 Vjue (26) and
is structure dependent with Pt(110) and Pt(100)
facets or polycrystalline platinum exhibiting lower
dissolution onset potential than Pt(111) facets
(26). These findings are directly relevant to realistic
fuel cell catalyst layers, where repeated start-stop
and load-cycling events drive many thousands
of oxide formation and reduction cycles, making
platinum dissolution a dominant long-term catalyst
degradation pathway (27-29).

The same mechanistic principles behind oxidation
and dissolution also apply to platinum counter
electrodes, as summarised in the schematic shown
in Figure 1(a). During ORR durability testing,
the counter electrode is routinely driven into the
high-potential oxygen evolution reaction (OER)
region, easily exceeding the ~1.1 Vzye threshold
at which platinum oxidation (Equation (i)) and
dissolution (Equation (ii)) is readily observed,
and providing a direct route for platinum ions to
enter the electrolyte (31, 32). Once dissolved,
these species can migrate through the electrolyte
and redeposit onto the working electrode surface
via electrodeposition, potentially altering the
electrochemical behaviour of the catalyst under
investigation, and ultimately leading to misleading
performance metrics (4, 31, 33). This issue
becomes particularly problematic when evaluating
nominally platinum-free electrocatalysts such as
M-N-C materials, since platinum deposition onto
the working electrode can compromise the integrity
of the results by unintentionally creating a more
active platinum-decorated M-N-C catalyst.

Pt + H,O — PtO + 2H* + 2e 0

PtO + 2H* - Pt2* + H,0 (ii)

To mitigate the effect of platinum counter electrode
oxidation, dissolution and redeposition, the use
of a graphite rod as the counter electrode is
recommended, since graphitic carbon is relatively
electrochemically stable within the potential
ranges of interest for the ORR (34-38). Despite
this concern being frequently raised informally in
academic discussions or at scientific conferences,
a high proportion of recently published studies
by emerging research groups continue to use
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Fig. 1. (@) Summary of the processes behind platinum contamination of the working electrode: (i)

oxidation of platinum at the counter electrode, (ii) platinum dissolution, (iii) platinum migration through

the electrolyte, (iv) platinum electrodeposition on the working electrode; (b) estimate of papers published
per year employing a platinum-based counter electrode in ORR measurements for nominally non-PGM
electrocatalysts. Source: Google Scholar, search term: “non-PGM” OR “PGM-free” OR “non-precious metal”
catalyst ORR AND "“platinum counter electrode” OR “Pt counter electrode” OR “platinum mesh” OR “Pt mesh”
OR “platinum wire” OR “Pt-wire”; (c) load-cycling; (d) start-stop durability test protocols recommended by
the Fuel Cell Commercialisation Conference of Japan (FCCJ) (30)

platinum-based counter electrodes in nominally
‘platinum-free’ catalyst research, inadvertently
introducing a source of contamination. An estimate
of the number of such studies is presented in
Figure 1(b) (39-44). As an aside, it should be
noted that graphite can undergo electrochemical
corrosion at high anodic potentials, leading to the
evolution of carbon monoxide, which is a poison
for PGM-based electrocatalysts (45). As such,

incorporating a physical barrier (such as a salt
bridge or an ion-permeable membrane) could
be more appropriate depending on the specific
catalyst under investigation.

Surprisingly, despite its potential to compromise
experimental integrity, theissue of counterelectrode
dissolution during ORR measurements has received
limited attention in modern electrocatalysis
research. One notable study was published in 2016
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by Lietal., which demonstrated that the ORR activity
of a non-PGM catalyst in perchloric acid electrolyte
was significantly enhanced after 8000 load
cycles, which was attributed to dissolution of the
platinum mesh counter electrode and subsequent
redeposition onto the working electrode (46). This
artefact was effectively eliminated by switching to
a graphite-based counter electrode. To the best of
our knowledge, this remains the only dedicated
investigation into counter electrode-induced
contamination during ORR testing, highlighting a
critical gap in methodological scrutiny.

Meanwhile, the issue of counter electrode
dissolution has been more extensively studied in
the context of the hydrogen evolution reaction
(HER). As early as 1992, Kulesza, Lu and
Faulkner showed that platinum particles could
electrodeposit onto a pyrolytic graphite working
electrode in sulfuric acid when a platinum mesh
counter electrode was used (47). Decades later
in 2017, Chen et al. demonstrated that repeated
cycling in sulfuric acid with a platinum foil counter
electrode led to a dramatic enhancement in
HER activity on molybdenum disulfide working
electrodes (eventually matching the HER activity
of commercial platinum benchmarks) due to
visible platinum redeposition, although this effect
was less pronounced in alkaline media (48). In
2022, Hasan et al. found that platinum and gold
readily dissolved from the counter electrode and
redeposited on the working electrode during HER
testing in sulfuric acid electrolyte, falsely boosting
performance (especially when the working
electrode surface area was large), while titanium
mesh emerged as a reliable alternative (49).
Most recently in 2023, Cui and Sheng confirmed
that platinum dissolution and redeposition during
the HER in perchloric acid electrolyte can mislead
assessments of molybdenum disulfide catalysts,
recommending physical separation of electrodes
using ion exchange membranes to prevent
cross-contamination (50).

The issue of platinum counter electrode dissolution
has also been explored in the context of the OER.
In a comprehensive 2024 study, Lyu, Yang and
Serov examined how factors such as electrolyte
type (sulfuric acid vs. sodium hydroxide), membrane
separator (i.e. Nafion™ vs. PiperION®) and acid
pretreatment of the counter electrode influence
platinum dissolution and migration. Their findings
revealed that platinum dissolution was minimal
across all conditions, supporting the continued
use of platinum as a counter electrode for OER
measurements, provided that appropriate cell design

and pretreatment protocols are followed (51).

Broader concerns about counter electrode
dissolution in electrochemical cells have also
been raised by other groups. In 2016, Tian et al.
used a three-compartment cell separated by a
Nafion™ 211 membrane to monitor the potentials
of platinum-foil working and counter electrodes in
sulfuric acid. They found that when the surface area
of the working electrode greatly exceeds that of the
counter electrode, the counter electrode can reach
high anodic potentials, forming surface platinum
oxides that leach into the electrolyte (31). Building
on this in 2022, Jerkiewicz revisited the issue,
highlighting how platinum dissolution, migration and
redeposition can distort performance metrics and
proposing several mitigation strategies: (a) physical
separation of the working electrode and counter
electrode using membranes or frits; (b) ensuring
the counter electrode has a sufficiently large surface
area; (c) operating the counter electrode under
hydrogen oxidation conditions in the presence of
dissolved hydrogen to avoid reaching potentials
conducive to oxide formation (52).

Building on previous investigations, this study
presents a systematic evaluation of the effects of
counter electrode selection on ORR performance,
with a particular focus on metal-free electrocatalysts
under long-term accelerated durability testing in both
acidic and alkaline media. A nitrogen-doped carbon
foam is employed as a deliberately low-activity
model catalyst, allowing subtle changes in ORR
activity to be clearly observed. Durability tests are
conducted using both start-stop and load cycling
protocols over 60,000 cycles. Platinum dissolution
into the electrolyte is quantified post-cycling,
while transmission electron microscopy is used
to examine the surface of the working electrode.
To extend the relevance of the findings, the same
protocols are applied to a more realistic M-N-C
electrocatalyst. By publishing this work, we aim to
highlight the widespread implications of counter
electrode-induced contamination and encourage
more rigorous methodological standards in ORR
research.

2. Experimental

The catalyst precursor used in this study was
synthesised by a solvothermal method in which
15 ml of anhydrous ethanol (FUJIFILM Wako
Pure Chemical Corporation, Japan) and 5 ml of
triethanolamine (Sigma-Aldrich, USA) were added
to a polytetrafluoroethylene-lined (PTFE-lined)
high-pressure reactor (50 ml, Flon Industry, Japan),
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followed by 5 g of sodium lumps (Sigma-Aldrich).
The reactor was quickly sealed and then heated to
150°C for 24 h. After cooling to room temperature,
the resulting nitrogen-containing sodium alkoxide
powder was removed, dried under vacuum and
crushed in a pestle. The powder was pyrolysed in
a box furnace at 600°C for 2 h, under nitrogen flow
(75 ml min™), to form the carbonaceous product.
The heating rate was 5°C min~!. This carbonised
product was then stirred overnight in deionised
water, washed five times in a water ethanol mix to
remove sodium-containing byproducts using vacuum
filtration and then dried at 80°C under vacuum. The
nitrogen-doped carbon powder was then subjected
to a second pyrolysis step under nitrogen, at 1000°C
for 2 h (75 ml min~!, 5°C min™!) (see Figure S1 in the
Supplementary Information available with the online
version of this article) (53, 54).

The resulting materials were characterised by
Brunauer Emmett and Teller (BET) and Barrett
Joyner and Halenda nitrogen adsorption surface
area analysis (Belsorp Mini, Microtrac Inc, USA);
X-ray diffraction (XRD) with a copper Ka-radiation
source (» = 1.54 A, Ultima III, Rigaku Corporation,
Japan); and X-ray photoelectron spectroscopy
(XPS, 5000 VersaProbe (II), ULVAC-PHI Inc,
Japan). X-ray absorption fine structure (XAFS)
was measured at the iron K-edge in transmission
mode on the Kyushu University Beamline at SAGA
Light Source, Japan, equipped with a Si(111)
double-crystal monochromator, using a beam with
1 mm diameter (10° photons s™!). Fluorescence
spectra were measured using a silicon drift detector
(SDD) equipped on the beamline.

An automatic polarisation system, rotating disk
electrode (RDE) apparatus, and a three-electrode
electrochemical cell were used for electrochemical
characterisation (Hokuto Denko Corporation, Japan;
HZ-5000, HR-500 and HX-107, respectively). A
platinum wire in a fritted glass tube, or a carbon
rod counter electrode (@ 6 mm x 150 mm) were
used, obtained from Hokuto Denko Corporation. A
silver-silver chloride reference electrode (HX-RAQ)
was used. Electrocatalyst ink was prepared by
dispersing 5 mg of nitrogen-doped carbon foam in
a mixture of deionised water, ethanol and 5 wt%
Nafion™ dispersion, in a volume ratio of 3:3:1. The
catalyst inks were then sonicated for 30 min using an
ultrasonic homogeniser (UH-600, SMT Corporation,
Japan). The working electrode was prepared by
coating 8 ul of electrocatalyst ink onto the glassy
carbon electrode, followed by drying at 60°C in air
for 10 min. The catalyst loading was 580 pg cm™2.

Electrochemical experiments were performed in

either 0.1 M perchloric acid or 0.1 M potassium
hydroxide electrolytes saturated with oxygen
or nitrogen gas, at room temperature. Cyclic
voltammograms (CVs) were obtained at a
scan rate of 50 mV s™! in nitrogen-saturated
solution. All voltages are quoted with respect to
the reversible hydrogen electrode (RHE) unless
otherwise stated. Linear sweep voltammograms
(LSVs) were obtained in the range 0.05 Vgpye
to 1.2 Vgue, at 10 mV s7%, in oxygen saturated
electrolyte at 400 rpm, 900 rpm, 1600 rpm and
2500 rpm. For RDE analysis, LSVs were obtained
after subtracting a blank current measured under
nitrogen and subsequent normalisation to zero at
the potential where the minimum current density
was observed. All CV and LSV plots are presented
here after 50 break-in cycles under the same cell
conditions, allowing the initial activity to stabilise.
Half-wave potential (E;/;) was defined at the point
where the current density was half that measured
in the mass transport limited region. In the cases
where a current plateau was not reached within the
measured range, the current density at 0.2 Vpye
was substituted as an approximation.

Durability = measurements were performed
using Fuel Cell Commercialization Conference
of Japan (FCCJ]) protocols (30). Load-cycling
durability was measured between 0.6 Vpye
and 1.0 Vgye, (Figure 1(c)), while start-stop
tests were measured between 1.0 Vgye and
1.5 Viye (Figure 1(d)). Cycling was paused
and conventional LSVs were carried out at O,
50, 100, 250, 500, 1000, 10,000, 30,000 and
60,000 potential cycles, unless otherwise stated.
In the case of the Sn-N-C electrocatalyst an
extra measurement was performed after 150,000
cycles to investigate the effect of platinum
electrodeposition over even longer timescales.
Inductively coupled plasma-atomic emission
spectrometry (ICP-AES; ICPE-9000, Shimadzu
Corporation, Japan) was used to determine
platinum ion content in the electrolyte after
durability tests, using standard solutions
for calibration. The detection Ilimit was
~100 parts per billion (ppb). After durability
measurements, the electrocatalyst was scraped
off the working electrode and dispersed in
ethanol, before being deposited onto holey
carbon supported copper grids. Scanning
transmission electron microscopy (STEM) with
200 kV acceleration voltage and 101 uA emission
current (STEM, HD-2300A, Hitachi Ltd, Japan)
was used to image the electrocatalysts after
durability tests.
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3. Results and Discussion
3.1 Catalyst Characterisation

The nitrogen-doped carbon (N-C) catalyst exhibits a
highly porous, foam-like morphology, as extensively
characterised in our previous studies (Figure S2(a)
in the Supplementary Information) (8, 9, 54-59).
Nitrogen gas adsorption measurements reveal a
BET surface area of 710 m? g%, with a Type 1b
isotherm indicative of a predominantly microporous
structure, further supported by micropore analysis
(Figure S2(b) in the Supplementary Information).
XPS reveals a nitrogen content of approximately
3.3 at%, primarily in pyridinic and graphitic
environments (Figure S2(c) in the Supplementary
Information). No signal corresponding to, for
example, metallicironisobserved withinthe detection
limit of XPS. Meanwhile, XRD confirms the absence
of major crystalline metallic or graphitic phases,
indicating that the material is largely amorphous
(Figure S2(d) in the Supplementary Information).

Additionally, XAFS analysis in transmission mode
reveals no detectable iron K-edge (Figure S3(a) in
the Supplementary Information) and fluorescence
detection using a SDD confirms the absence of iron
within the detection limits (<10 at% for XAFS and
<0.1 at% for SDD; Figure S3(b) in the Supplementary
Information). ICP-AES also confirmed the absence
of iron in the sample within the detection limit
(~100 ppb). The above techniques verify that the
catalyst is effectively metal-free.

3.2 Load Cycling Durability Tests

Figure 2 presents LSVs from load cycling
durability tests conducted using either graphite
rod or platinum wire counter electrodes in acidic
or alkaline electrolytes. Figure 3 tracks the
evolution of the half-wave potential throughout
the 60,000-cycle test. When a graphite rod is
used as the counter electrode in acidic media,
a slight decline in ORR activity is observed over
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Fig. 2. Load cycling durability tests over 60,000 potential cycles for nitrogen-doped carbon (N-C)
electrocatalysts under different electrolyte and counter electrode conditions: (a) graphite counter electrode
in acidic electrolyte; (b) platinum wire counter electrode in acidic electrolyte; (c) graphite counter electrode
in alkaline electrolyte; (d) platinum wire counter electrode in alkaline electrolyte. The data highlight the
influence of counter electrode material on ORR performance
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60,000 cycles for nitrogen-doped carbon (N-C)
electrocatalysts. The data compare combinations
of graphite and platinum wire counter electrodes
in both acidic and alkaline electrolytes. The results
highlight the significant influence of counter
electrode material and electrolyte environment on
ORR performance stability

time (Figure 2(a)), consistent with conventional
expectations. This modest degradation is attributed
to the mechanical and chemical stresses of load
cycling, typically promoting metal dissolution or
leaching at the working electrode. However, given
the negligible metal content of the N-C catalyst, the
ORR performance remains relatively stable. A small
variation in the limiting current density is observed
(Figure S5 in the Supplementary Information),
corresponding to some electrochemical conditioning
over the first 250 cycles and then a steady degree
of catalyst degradation (or delamination from the
electrode) over the remaining 60,000 cycles.

When a platinum wire counter electrode is used
in acidic electrolyte, the initial ORR activity closely
matches that observed with the graphite counter
electrode (Figure 2(b)). However, after 60,000
potential cycles, a significant enhancement in
activity is observed, with the onset potential
exceeding 0.9 V vs. RHE. This is an unusually
high value for metal-free catalysts in acidic media.
Given that all other experimental conditions remain
constant, this pronounced improvement is most
likely an artefact caused by platinum dissolution
from the counter electrode and redeposition on the
working electrode, rather than being an intrinsic
property of the non-PGM catalyst.

In alkaline media, ORR kinetics are inherently
faster than in acid media, resulting in higher overall
activity (60). With a graphite counter electrode,
the catalyst performance gradually declines over
the course of the durability test (Figure 2(c)),
consistent with expected degradation mechanisms.
In contrast, when platinum is used as the counter
electrode, no such degradation is observed.
Instead, a slight increase in ORR activity suggests
that platinum contamination of the working
electrode also occurs in this case (Figure 2(d)).

The trends observed in Figure 2 are further
quantified in Figure 3 and Table I, which track
the progression of the half-wave potential over
60,000 potential cycles under various conditions.
It becomes immediately evident that the use of a
platinum counter electrode exerts a measurable
influence on the behaviour of the working
electrode, with the effect being notably more
pronounced in acidic media. These findings align
with those reported by Li et al., who similarly
observed enhanced ORR activity in acid electrolyte
(46). The results demonstrate that even when a
platinum counter electrode is partially isolated
within a fritted glass compartment, platinum

Table I Initial and Final Half Wave Potentials (E.,) Before and After Durability Tests (60,000

cycles), and the Platinum Concentration in the Electrolyte Measured After Durability Tests

brotocol  electrode  Electrolyte Initial vz Vawe Final Ey/z Vane concentration, mg 1
Load Carbon Acid 0.36 0.33 -

Load Platinum Acid 0.40 0.66 0.81

Load Carbon Alkaline 0.84 0.79 -

Load Platinum Alkaline 0.80 0.81 0.32

Start-stop Carbon Acid 0.35 0.24 -

Start-stop Platinum Acid 0.38 0.35 0.30

aStart-stop Carbon Alkaline 0.75 0.37 -

Start-stop Platinum Alkaline 0.70 0.36 0.24

@ Measurement after 10,000 cycles
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dissolution and subsequent redeposition onto
the working electrode remain highly probable
and can significantly influence the outcomes of
electrochemical durability tests. It follows that the
use of an unprotected (i.e., naked) platinum wire
counter electrode would be expected to exacerbate
these effects, whilst the use of a barrier such as a
salt bridge or selective ion conducting membrane
may act to suppress this phenomenon.

3.3 Start-Stop Cycling Durability
Tests

Figures 4 and 5 present results from start-stop
cycling durability tests, complementing the
load-cycling data shown earlier. In acidic electrolyte,
the use of the graphite counter electrode results
in a pronounced decline in ORR activity over the
course of the test (Figure 4(a)), with degradation
occurring more rapidly than under load-cycling

attributed to carbon oxidation and gasification at
the working electrode, which can lead to catalyst
delamination or an increase in ohmic resistance
(61). In contrast, when a platinum counter
electrode is used (Figure 4(b)), degradation
is still observed but proceeds at a significantly
slower rate. Notably, a slight increase in half-wave
potential is recorded after 60,000 start-stop cycles
(Figure 5, Table I), suggesting that platinum
dissolution and redeposition may partially offset
the expected performance loss.

In alkaline electrolyte, the use of a graphite
counter electrode during start-stop cycling
results in pronounced performance degradation
(Figure 4(c)). This deterioration is attributed
to carbon oxidation, gasification and eventual
delamination of the catalyst from the working
electrode under harsh cycling conditions. Switching
to a platinum counter electrode does not noticeably
alterthedegradationrate (Figure4(d)), suggesting

conditions. This accelerated deterioration is that carbon corrosion remains the dominant failure
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Fig. 4. Start-stop durability tests over 60,000 potential cycles for nitrogen-doped carbon (N-C)
electrocatalysts under different electrolyte and counter electrode conditions: (a) graphite counter electrode
in acidic electrolyte; (b) platinum wire counter electrode in acidic electrolyte; (c) graphite counter electrode
in alkaline electrolyte; (d) platinum wire counter electrode in alkaline electrolyte. The data highlight the
influence of the counter electrode material on ORR performance

8/14

© 2027 Johnson Matthey



https://doi.org/10.1595/205651327X17708941599793

Johnson Matthey Technol. Rev., 2027, 71, (1)

0.9 A
0.8
T 4\
4
> 0.71
E \\ ——m— Graphite/Acid
€ 0.6 —e— Platinum/Acid
g - —a— Graphite/Alkaline
;8)_ 0.5 === Platinum/Alkaline
: \
©
F o4
g ,,] b=
0.3 —
————
\-\_ﬁ__'
0.2
Q QQQ QQQ QQQ QQQ QQQ QQQ
‘»Q\ '19‘ 'bQ‘ D‘Q‘ O)Q‘ bQ\
Cycles

Fig. 5. Evolution of the half-wave potential (E,)
during start-stop cycling durability tests over
60,000 cycles for an N-C electrocatalyst. The
data compare combinations of graphite and
platinum wire counter electrodes in both acidic
and alkaline electrolytes. The results highlight the
significant influence of counter electrode material
and electrolyte environment on ORR performance
stability

mechanism in this configuration. Any platinum
redeposition that may occur appears insufficient
to counteract the structural and chemical damage
inflicted on the metal-free catalyst.

3.4 Post-Cycling Characterisation

Following the durability tests, electrolyte solutions
were analysed using ICP-AES, with results
summarised in Table I. In all cases where a
graphite counter electrode was used, platinum
concentrations remained below the detection limit
(~100 ppb), confirming the absence of platinum
contamination. In contrast, significant levels of
platinum ions were detected in every test involving
a platinum wire counter electrode. Notably, higher
platinum concentrations were observed under
two conditions: (@) in acidic electrolyte compared
to alkaline; and (b) following load cycling rather
than start-stop cycling. These findings confirm
that platinum dissolution is likely to occur when
platinum counter electrodes are used regardless
of the electrolyte type, but with slower rates in
alkaline conditions (consistent with previous work
by Chen et al.) (48). Importantly, the highest
platinum concentration measured corresponds
to the test condition that showed the greatest
enhancement in ORR activity, namely a platinum

counter electrode in acid electrolyte during load
cycling.

Following durability testing, residual
electrocatalysts were also carefully removed
from the working electrode and imaged using
STEM. After load cycling in acidic electrolyte with
a platinum wire counter electrode, numerous
platinum nanoparticles are clearly visible on the
catalyst surface (Figure 6(a)). These particles are
uniformly distributed and appear as agglomerates
of smaller particles, reaching sizes of several tens
of nanometres (Figure 6(b)). Similar nanoparticle
formation was observed after start-stop cycling
under the same conditions (Figure 6(c) and 6(d)),
confirming that the platinum detected in the
electrolyte via ICP-AES was subsequently
electrodeposited onto the non-PGM catalyst. This
redeposition likely accounts for the enhanced ORR
activity observed throughout the test.

In contrast, no such nanoparticle formation
was detected when graphite was used as the
counter electrode in either acidic or alkaline media
(Figure S4(c) and S4(d) in the Supplementary
Information), consistent with the absence of any
enhancement of performance. Furthermore, no
nanoparticles were observed under any conditions
in alkaline electrolyte (Figure S4(a) and S4(b)
in the Supplementary Information), despite
measurable platinum dissolution when using a
platinum counter electrode. This suggests that
alkaline conditions may be less conducive to
platinum electrodeposition during cycling, or that
any resulting particles are too small to be resolved
by STEM. These observations align with the more
modest improvements in ORR activity seen in
alkaline media with platinum counter electrodes.

4. Case Study: Sn-N-C Electrocatalyst

To extend the relevance of our findings, we applied
the same methodology to a more realistic example:
a nominally platinum-free M-N-C electrocatalyst
synthesised in-house. These Sn-N-C catalysts
were prepared using the same nitrogen-doped
carbon (N-C) foam framework as the previous
sections, followed by decoration with tin acetate
and subsequent heat treatment and acid washing
(see Supplementary Information for more details).
Figure 7 shows LSVs of Sn-N-C catalysts subjected
to up to 150,000 load cycles in acidic electrolyte
using a platinum wire counter electrode. Both the
onset and half-wave potentials increase markedly
over the course of the test. Post-cycling imaging
clearly reveals the presence of electrodeposited
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Fig. 6. Bright field STEM
images of N-C after: (a) and
(b) load cycling tests; (c)
and (d) start-stop cycling
tests in acid electrolyte using
a platinum wire counter
electrode

~
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Fig. 7. (a) LSVs of Sn-N-C electrocatalysts tested over 60,000 load potential cycles with a platinum counter
electrode in 0.1 M perchloric acid electrolyte at 1600 rpm; (b) evolution of the onset potential (hollow data
points) and half wave potential (solid data points) throughout the test; (c) STEM image of nanoparticles
observed in the Sn-N-C electrocatalyst after load cycling durability tests. The results show that erroneous
improvements in ORR performance could arise from the use of a platinum-based counter electrode

nanoparticles with morphology and size comparable
to those observed in the metal-free N-C system
described above. These results underscore the risk
of misattributing performance gains to intrinsic
catalyst properties, when in fact they may stem from
platinum contamination introduced via the counter
electrode. This highlights the critical importance of

counter electrode selection in durability testing of
non-PGM catalysts.
5. Conclusions

This study demonstrates that the use of
platinum wire as a counter electrode can
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significantly = compromise the integrity of
durability measurements for nominally metal-free
nitrogen-doped carbon electrocatalysts in ORR
testing. The effect is particularly pronounced under
load cycling conditions in acidic media, where
platinum dissolution from the counter electrode
leads to the formation of electrochemically active
platinum nanoparticles on the working electrode
surface. This redeposition results in artificially
enhanced ORR activity, which could easily be
misinterpreted as intrinsic catalyst improvement.
We confirmed platinum contamination by measuring
platinum concentrations in the electrolyte, via
direct imaging of redeposited nanoparticles, and
correlated these to shifts in onset and half-wave
potentials. The effects were also observed in a
model metal-containing Sn-N-C catalyst system,
underscoring the broader relevance of the findings.
Importantly, the severity of platinum dissolution
and redeposition depends on the electrolyte type
and cycling protocol. Acidic conditions and load
cycling promote higher platinum dissolution rates
and more pronounced performance artefacts, while
alkaline media and start-stop cycling show reduced
contamination effects due to less favourable
conditions for platinum electrodeposition. In
contrast, when graphite or carbon counter
electrodes were used, no platinum contamination
was detected, no nanoparticles were observed
and ORR activity remained stable or degraded
predictably. These results strongly support the use
of alternative counter electrodes (such as graphite
rods) or physical barriers (such as salt bridges
or ion-conducting membranes) for accurate and
artefact-free evaluation of platinum-free, non-PGM
or metal-free ORR electrocatalysts. This work
highlights a critical methodological oversight in
electrocatalysis research and calls for greater
scrutiny in experimental design. Counter electrode
selection is not trivial, and its impact on catalyst
benchmarking must be carefully considered
to ensure reproducibility and reliability in the
development of next-generation energy materials.
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