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A B S T R A C T   

A combined electrochemical and electron paramagnetic resonance (EPR) procedure for the study of oxygen 
reduction reaction (ORR) intermediates generated at Pt nanoparticles (NPs) is validated in this work. Using spin- 
trap EPR complemented by electrochemical analysis, we show that we can detect and identify the free radicals 
that are produced during the ORR through trapping with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) which are 
otherwise difficult to detect. Experiments with 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) 
as spin trap show no evidence of •DEPMPO-OOH and indicate that only •OH radicals are trapped during the ORR. 
The results of this study serve as a functional proof-of-concept for further research on the identification of radical 
ORR intermediates in solution. We propose that our procedure can be used for a more rigorous quantification of 
free radicals involved in other electrochemical reactions.   

1. Introduction 

The loss of electrochemical active surface area (EASA) and degra-
dation of the proton exchange membrane are two major problems 
plaguing the cost-effectiveness of Pt nanoparticles (NPs) for use as 
electrocatalysts in proton-exchange membrane fuel cells (PEMFC) [1,2]. 
It has been proposed that both problems may be caused by the presence 
of free reactive oxygen species (ROS) in solution, which cause Pt 
dissolution and attack the carbon support [3–6]. These free ROS are the 
desorbed intermediates from the ORR that takes place at the surface of 
the NPs. Numerous studies have attempted to shed light on the ORR 
mechanism in acidic conditions, often with conflicting conclusions 
[7–9]. Electrochemical studies typically employ surface analysis tech-
niques to investigate the absorbed intermediates or make use of the 
rotating ring disk electrode (RRDE) technique to study the desorbed 
intermediates in solution [10,11]. Literature on fuel cell technology 
generally focuses on membrane degradation using commercial catalysts 
and cites hydroxyl radicals (•OH) as the responsible intermediates 
[12,13]. This is due to evidence of •OH formation at both anode and 
cathode [14,15], as well as its strong oxidative properties compared to 

superoxide (O2
•-) and hydroperoxyl (•OOH) [16]. 

Free radicals are difficult to detect directly due to their short lifetime 
and high reactivity. A common technique for detecting radicals is elec-
tron paramagnetic resonance (EPR) spectroscopy [12,13,17]. EPR is 
used to investigate compounds containing unpaired electrons, such as 
organic radicals and paramagnetic transition metal ions and complexes. 
A variety of electrochemical processes has been studied using EPR, such 
as reactions in fuel cells [12], organic syntheses [18], and Li-ion batte-
ries [19,20]. However, EPR is not as common as other spectroscopic 
techniques used in spectroelectrochemistry because of cell size limita-
tions, high dielectric loss due to the electrolyte, and possible reflectance 
and absorbance of microwaves by the electrode material [21]. Long- 
lived paramagnetic species can be monitored directly, whereas short- 
lived species either require a continuous high rate of production or 
stabilization via spin traps to be detected. Spin traps are often nitrone- 
based molecules that bind to the radical to form a longer-lived radical 
adduct. EPR studies on the ORR or fuel cell membranes typically use 5,5- 
dimethyl-1-pyrroline-N-oxide (DMPO) for trapping, which readily binds 
to ROS and yields distinctive spectra that allow for easy identification 
[1,12]. 
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We believe this is the first approach that combines electrochemical 
analysis and EPR spectroscopy to investigate soluble radical in-
termediates produced during the ORR on electrodeposited Pt NPs. In this 
communication, we propose and validate a procedure using ex situ EPR 
complemented by electrochemical analysis to detect, identify and semi- 
quantify the produced radicals. Relating the charge consumed during 
the electrochemical reaction with the intensity of the observed EPR 
signal is a starting point to better quantify the free radicals produced in 
the reaction. This approach will be further developed to allow us to 
investigate the ORR mechanism through the identification of the soluble 
intermediates and may be expanded to other electrochemical processes 
where identification and quantification of radical intermediates is 
important. With this methodology, we hope to contribute to the eluci-
dation of the ORR mechanism on nanoporous Pt NPs. A better under-
standing of the ORR in liquid electrolyte may help improve 
understanding of the ORR in fuel cell applications as well. 

2. Materials and methods 

The electrochemical experiments were carried out in a standard 
three electrode setup in 0.1 M HClO4 electrolyte prepared from 
concentrated HClO4 (Sigma) and Millipore water. DMPO (TCI Chem-
icals) was added to the electrolyte as a spin trapping agent at the start of 
each chronoamperometry (CA) experiment. For ORR measurements, the 
electrolyte was saturated with O2 before and during the CA experiments 
by bubbling pure O2 through solution. For the deoxygenated CA ex-
periments, the electrolyte was purged with N2 instead of O2 before and 
during electrolysis. All CA experiments were performed at 0.5 V vs. Ag/ 
AgCl near the onset potential of the ORR. This work is intended as a 
proof-of-concept for the (semi)quantitative correlation between EPR 
and electrochemical data. In ongoing experiments, the reaction is being 
expanded to a flow setup. 

Custom working electrodes with a large surface area were con-
structed by embedding a vitreous carbon disk in an epoxy resin and 

Fig. 1. (a) Cyclic voltammogram obtained during pre-treatment of the electrode in deoxygenated 0.1 M HClO4 (scan rate 50 mV/s). EASA was determined by 
integration of the filled areas, which correspond to the hydrogen underpotential deposition (HUPD). (b) A typical chronoamperogram obtained during the CA 
experiments using the custom electrodes in oxygenated 0.1 M HClO4 at 0.5 V vs. Ag/AgCl. The filled area indicates the charge Q passed during the ORR. (c) Reaction 
pathways of DMPO with •OH and •OOH to the respective radical adducts. •DMPO-OOH spontaneously degrades to •DMPO-OH with a half-life of approximately one 
minute. (d) Typical experimental (blue) and simulated (red) EPR spectra of •DMPO-OH. •DMPO-OH shows a characteristic equivalent hyperfine coupling of four peaks 
with 1:2:2:1 amplitude ratios. The simulated spectra were double integrated and normalized to the EASA to obtain the EPR intensity DI. See Table S2 of the 
Supporting Information for details of the EPR simulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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milling it in a cylindrical shape. This was necessary to generate enough 
radicals to capture and detect via spin trapping EPR spectroscopy. 
Nanoporous Pt NPs were deposited on the carbon surface via a double 
pulse electrodeposition process [22]. This procedure was chosen for 
several reasons. Pt NPs exhibiting nanoporosity have been reported to 
have high catalytic activity towards the ORR [23–25]. These particles 
are sensitive to degradation, possibly due to Pt dissolution via soluble 
radicals [26], making them ideal for our study. Secondly, the procedure 
ensures that all the electrocatalytic material is located in areas accessible 
during the ORR. Admittedly, these particles are of a greater size than 
normally used in fuel cells but are suited for this study for ease of 
preparation and visual analysis through SEM. Nine electrodepositions 
were prepared according to the same procedure and used as working 
electrodes. The particle size, distribution and surface coverage were 
determined from SEM images shown in Figs. S1 and S2 (See Supporting 
Information). A saturated Ag/AgCl electrode was used as a reference and 
a Pt mesh was used as the counter electrode. 

Before every CA experiment, a cyclic voltammetry (CV) experiment 
was performed as a surface cleaning pre-treatment in 0.1 M HClO4 that 
was purged with nitrogen and kept under nitrogen atmosphere during 
CV. The electrochemical active surface area (EASA) for each experiment 
was determined through integration of the hydrogen underpotential 
deposition peaks from the cyclic voltammogram (Fig. 1a). We found that 
the EASA of our NPs changed with each experiment due to degradation 
of the NPs [22,26]. Three experiments were performed in oxygenated 
electrolyte and one in deoxygenated electrolyte for each electro-
deposited electrode. The cumulative consumed charge was determined 
from the chronoamperograms by integrating the current (Fig. 1b) and is 
from here on referred to as charge Q. For EPR analysis, samples were 
taken from the stirred electrolyte at five-minute intervals and analyzed 
in the EPR spectrometer in continuous-wave mode. Each measurement 
consists of 25 consecutive single scans taken during these five minutes 
that were averaged to improve the signal-to-noise ratio. No radical 
adduct was detected after 15 min in samples that did not undergo 
electrolysis. CV experiments in deoxygenated electrolyte with DMPO 
confirmed that DMPO is not reduced or oxidized within the 

electrochemical window of our experiments (see Fig. S3) [27,28]. The 
consumed charge in CA experiments in oxygenated electrolyte is lower 
in the presence of DMPO (see Fig. S4). This indicates that DMPO adsorbs 
on the electrode surface and decreases catalytic activity, but it may also 
be partially due to DMPO reacting with free intermediates that may 
otherwise have reacted further. However, since there is no change in 
ORR onset potential upon addition of DMPO, we do not believe DMPO is 
influencing the reaction mechanism (see Fig. S5). 

Fig. 1c shows the reaction pathways of •OH and •OOH with DMPO to 
form their respective radical adducts. Unfortunately, •DMPO-OOH 
quickly decays to •DMPO-OH in ambient conditions [29]. Although 
trapping of •OOH has a much lower rate constant compared to that of 
•OH, we expect no trapping competition between •OH and •OOH because 
an excess of DMPO is present in solution [30–32]. The EPR spectra were 
simulated using EasySpin 5.2.28 [33], a toolbox in MATLAB R2020a, 
and only showed a •DMPO-OH signal. A typical experimental spectrum 
and simulation are shown in Fig. 1d. Despite our high electrode surface 
area and averaging over multiple single EPR sweeps, some spectra still 
show a low signal-to-noise ratio. In order to avoid offsets due to the 
noise, each spectrum was first simulated. This spectrum was then double 
integrated and normalized to the EASA, the result of which is referred to 
as the EPR intensity DI in Figs. 2 and 3 and related discussions. 

3. Results and discussion 

Fig. 2a shows a plot of the EPR intensity DI versus time for three 
electrodes performed in oxygenated electrolyte. As the experiments 
progress over time, the average EPR intensity DI of the •DMPO-OH signal 
becomes stronger. The biggest increase is observed after the first five 
minutes, after which the intensity slowly increases for some electrodes 
or stays constant for others. The increase in EPR intensity DI is consistent 
with the increase in consumed charge Q, as is evident from Fig. 2b, 
which shows a plot of the charge Q passed during the ORR over time as 
calculated according to Fig. 1b. In experiments where the increase in 
consumed charge is greater, the EPR intensity DI is also greater, with the 
exception of PtNP9. Fig. S2 shows the particle size distributions for all 

Fig. 2. Plots of (a) the average EPR intensity DI and (b) the average charge Q and versus time. PtNP3 (green), PtNP4 (cyan) and PtNP9 (dark blue) correspond to the 
experimental results of three of the electrodeposited electrodes. Error bars are normal standard error, with N = 3. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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electrodepositions. Despite some variations in particle size distributions 
and surface coverage, we can distinguish no relationship between par-
ticle size distribution and the EPR intensity DI or consumed charge Q. 
This would imply that the rate of radical desorption and spin trapping 
are independent of the morphology of the electrode within the mor-
phologies that we studied. 

We performed control CA experiments in deoxygenated electrolyte 
to check that the •DMPO-OH signal indeed originates from the trapping 
of free ORR radicals, and not from an electrochemical reaction of DMPO 
on the electrode surface. No EPR signal was observed in absence of 
dissolved oxygen. Initial experiments were performed at lower poten-
tials more favorable for H2O2 production and yielded false-positive re-
sults due to Fenton side reactions with iron ions that was present in the 
initial system. We would like to stress the importance of avoiding any 
iron-based substances, such as Hamilton needles, to prevent such 
mishaps. 

Fig. 3 shows the EPR intensity DI versus the charge Q of the 
oxygenated CA experiments shown in Fig. 2a and b for all nine elec-
trodes that were used in this study. The results were fitted with a linear 
fit. A linear relation between consumed charge and EPR intensity DI is 
observed that is consistent over time. We can thus conclude that the 
number of radicals produced during the ORR is directly proportional to 
the charge that is measured. The relation does not appear to be influ-
enced by the morphology of the electrodeposited electrode within the 
studied NP distributions, nor by the electrochemical active surface area 
shown in Fig. S4. We hope to expand our study in the future with 
different electrodeposited electrode morphologies, commercially avail-
able electrodes and the effect of potential and electrolyte pH. 

So far, our combined electrochemical and EPR procedure allows for 
the detection of ORR radicals, but does not directly distinguish between 
different intermediates due to the fast decay of •DMPO-OOH and the 
poor •OOH trapping kinetics (Fig. 1a). •DMPO-OOH would only be 
detected if the rate of •OOH production was high enough, which does not 

appear to be the case for our system. However, this problem can be 
circumvented through use of a different spin trap: 5-(diethox-
yphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO). DEPMPO is a 
suitable spin trap for ROS but is slightly more reactive towards •OOH 
than DMPO (Fig. 4a) [34]. In addition, the decay of •DEPMPO-OOH to 
•DEPMPO-OH is much slower: ±20 min in acid medium [35]. This is 
sufficiently large for the time frame of our measurements. Like DMPO, 
DEPMPO appears to be electrochemically inert within the electro-
chemical window of our experiments (see Fig. S4) [27]. Prior to the CA 
experiment, 10 mM DEPMPO was added to the electrolyte instead of 
DMPO. Samples were taken before and after electrolysis and analyzed 
immediately in the EPR spectrometer. 

Fig. 4 shows the typical spectra that were obtained during the 
DEPMPO experiments. In the sample taken before electrolysis, a small 
background signal is present that is likely due to degradation in the 
bottle. In the sample taken after electrolysis, a similar signal with a 
higher intensity is observed. The peaks match those of the simulated 
spectrum of •DEPMPO-OH and agrees with spectra of •DEPMPO-OH re-
ported in literature [35,36]. Although the signal is rather weak, the 
known signature spectrum for •DEPMPO-OOH is not noticeable. A DFT 
study by Keith & Jacobs calculated that while the binding strength of 
•OOH is about twice as strong that of •OH on Pt surfaces, desorption of 
•OOH still takes place [37]. Other studies have postulated the •OOH 
intermediate as a possible soluble intermediate [8,9]. Therefore, the 
absence of the •OOH adduct implies that only •OH intermediates desorb 
during the ORR. This would mean that either no •OOH intermediate is 
formed, or that it reacts before it can desorb. We hope to investigate this 
matter further by increasing the charge consumed during the ORR, thus 
increasing the intensity of the EPR signal of any DEPMPO adducts. 
Hopefully, this will provide us with definite proof of the absence or 
presence of •DEPMPO-OOH. 

Fig. 3. Plot of the EPR intensity DI versus the charge Q for all nine electrodeposited electrodes. Circles, triangles, squares and diamonds represent the results after 0, 
5, 10 and 15 min of electrolysis respectively. The dotted line is a linear fit of the results. Error bars are normal standard error, with N = 3. 
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4. Conclusions 

Using a combined electrochemical and ex situ EPR approach, we have 
shown that we can detect, identify and (semi)quantify free oxygen 
radicals produced by the ORR at porous electrodeposited Pt NPs. The 
size distribution and density of the particles does not appear to influence 
the trapping rate of oxygen radicals by DMPO within the studied NP 
distributions. Experiments with DEPMPO as a spin trap show that only 
•DEPMPO-OH is formed and no •DEPMPO-OOH is present. We show that 
our approach is a valid additional technique for investigating the reac-
tion mechanism of the ORR from solution. We believe that our proced-
ure allows for a more rigorous quantification of free radicals involved in 
electrochemical reactions and may provide future insights on the iden-
tification of soluble intermediates responsible for the degradation of 
electrocatalysts. 
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