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ABSTRACT: Identifying the intrinsic electrocatalytic activity 
of nanomaterials is challenging, as usually their characteriza-
tion requires additives and binders whose contributions are 
difficult to dissect. Herein, we use nano impact electrochemis-
try as an additive-free method to overcome this problem. Due 
to the efficient mass transport at individual catalyst nanoparti-
cles, high current densities can be realized. High-resolution 
bright-field transmission electron microscopy and selected 
area diffraction studies of the catalyst particles before and after 
the experiments provide valuable insights in the transfor-
mation of the nanomaterials during harsh oxygen evolution re-
action (OER) conditions. We demonstrate this for 4 nm sized 
CoFe2O4 spinel nanoparticles. It is revealed that these particles 
retain their size and crystal structure even after OER at current 
densities as high as several kA‧m-2. The steady-state current 
scales with the particle size distribution and is limited by the 
diffusion of produced oxygen away from the particle. This ver-
satilely applicable method provides new insights into intrinsic 
nanocatalyst activities, which is key to the efficient develop-
ment of improved and precious metal-free catalysts for renew-
able energy technologies. 

Efficient development and characterization of electrocata-
lysts for multi-electron transfer reactions is important but dif-
ficult. To date IrO2 and RuO2 benchmark the list of oxygen evo-
lution reaction (OER) catalysts, thanks to their excellent and 
long-term catalytic activity.1,2 Due to their low supply and high 
price, it is highly important to identify alternative highly active 
low-cost OER electrocatalysts, based on earth-abundant ele-
ments. Transition metal oxides are promising candidates to 
meet these demands.3 Due to their high surface-to-volume ra-
tio and tunable electronic properties, nanomaterials are partic-
ularly favorable to enhance the performance of electrocata-
lysts. Yet, to date no routine exists, that allows measuring the 
intrinsic catalytic activity of such electrocatalysts. The common 
approach to test electrocatalytically active nanoparticles is 
done by ensemble studies, in which typically >>103 particles 
are mixed with conductive additives and binders, like carbon 
powder and Nafion®. These mixtures are then supported on an 

electrode and the overall electrochemical performance of this 
mixture is analyzed, prohibiting the identification of individual 
intrinsic particle activities.  

The evaluation of precious metal-free OER catalysts is a par-
ticularly difficult challenge due to the highly oxidative poten-
tials required to drive this multi-electron and multi-proton re-
dox reaction, and the fact that catalyst-binder composites are 
analyzed to overcome the poor electronic conductivities of 
these materials. Accordingly, the electrochemically active sur-
face area of these catalysts can neither be determined pre-
cisely, nor can overlying influences of the usually poor electri-
cal conductivity of the catalysts precisely be dissected. 

Here we demonstrate that single entity electrochemistry al-
lows us to test nanocatalysts on an individual particle level and 
in the absence of additives obstructing the intrinsic catalyst 
properties. This is shown for spinel cobalt iron oxide (CoFe2O4) 
nanoparticles as highly active1,4,5 and precious metal-free OER 
catalysts in alkaline solution. In this approach individual nano-
catalysts are dispersed in an electrolyte solution and are elec-
trically addressed during their Brownian motion-based impact 
at an inert microelectrode.6–14 Applying a suitable potential, a 
steady-state catalytic current results at this nanocatalyst 
within microseconds13,14 and a step-like increase in the cur-
rent-time response is recorded (Figure 1).  
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Figure 1. Nanoparticle OER impact illustration with steady-
state current and duration. 

While the step height depends on the particle size, its dura-
tion reflects the residence time of the catalyst at the elec-
trode.15 This enables us to measure the individual intrinsic cat-
alytic response and to statistically evaluate the size distribu-
tion effects on electrocatalysts at the same time and without 
possible artefacts caused by additives or film porosity.16 

Here we use this method to study the complex and industri-
ally important OER in alkaline solution 

4𝑂𝐻 ⇄ 2𝐻 𝑂 + 𝑂 + 4𝑒           (1) 

As a catalyst, Ø=4 nm sized spinel CoFe2O4 nanoparticles 
capped with triethyleneglycol are used as a proof-of-concept 
for the particle-by-particle assessment of nanocatalysts. 
CoFe2O4 nanoparticles were dispersed in 0.1 M KOH(aq) and 
the current response at a carbon microelectrode immersed into 
this suspension was recorded at a suitable potential of 1.86 V 
vs RHE (reversible hydrogen electrode). The obtained current-
time response showed distinct current steps due to the cata-
lytic OER at individual nanocatalyst particles during their spo-
radic impacts at the electrode (Figures 2 and 3).  

 

Figure 2: a) Chronoamperogram of 4 nm CoFe2O4 nanoparti-
cles suspended in 0.1 M KOH(aq) recorded at 1.86 V vs RHE 
shows catalytic current steps (enlarged view in inset); b) histo-
gram of step height (steady-state current) for 275 impacts; c) 
conversion of electrochemical step height distribution to parti-
cle size distribution17 (see SI section S3 for details), shows good 
agreement with d) TEM (Figure S1). 

The height of these current steps varied from about 4 pA to 
30 pA, while the step duration varied from few milliseconds to 
several seconds. The distribution of the detected step heights, 
that is the distribution of the catalytic currents observed at in-
dividual nanocatalysts, reflects the inherent size distribution of 

the used CoFe2O4 nanocatalysts, as shown in Figures 2 and 3. 
Moreover, the values are in excellent agreement with those ex-
pected for a nanosphere in contact with an inert electrode, 
when the diffusional mass transport of the product limits the 
reaction.  

𝐼𝑆𝑆 = 2𝜋 ln(2) 𝑧𝐹𝐷𝑂2
𝐶𝑂2

𝑒𝑓𝑓
𝑑 18,19        (2) 

There 𝐼𝑆𝑆 is the steady-state catalytic current at the particle, 
(step height), z the number of transferred electrons (4 during 
OER), F the Faraday constant, 𝐷𝑂2

 the diffusion coefficient and 

𝐶𝑂2

𝑒𝑓𝑓 the effective saturation concentration of oxygen in the 
electrolyte solution. Hence, a steady-state current of 15 pA is 
expected at a 4 nm particle in 0.1 M KOH at 25°C, where the dif-
fusion coefficient and saturation concentration of oxygen are 
D(O2)=1.90×10-9 m²/s 20 and C(O2)=1.14 mM (see SI S3.2.1), re-
spectively. 

Within the time scale of the experiment no agglomeration of 
CoFe2O4 nanoparticles was observed and the catalytic step 
heights remained constant during the experiment. Control ex-
periments performed in the absence of catalyst particles and at 
lower particle concentrations, showed no and fewer impact 
features, respectively (Figure S8). Experiments at different ap-
plied potentials (Figure S7) confirm that the onset potential 
matches OER at CoFe2O4 nanoparticles and that the applied po-
tential ensured mass transport limitation. Moreover, when ag-
glomeration of CoFe2O4 nanoparticles was induced prior to the 
experiment, then significantly larger current steps resulted 
(Figure S8). This confirms that the recorded current steps are 
indeed caused by individual nanoparticles and that the size of 
the nanocatalysts limits the height of individual steps. 

 

Figure 3: Chronoamperograms of CoFe2O4 nanoparticles sus-
pended in different KOH(aq) concentrations: 0.01 M (black), 
0.1 M (red) and 1.0 M (green); the graphs are vertically shifted 
for ease of comparison and example impact features are en-
larged. 

Experiments at different KOH concentrations verified that 
the catalytic steady-state current at individual CoFe2O4 nano-
particles is limited by removal of the product (O2) and not by 
supply of reactant (OH-) in strongly alkaline conditions. Cur-
rent steps detected in 0.01 M, 0.1 M and 1.0 M KOH showed 
similar steady-state currents, in agreement with equation 2. 
This is due to the comparably similar solubility and diffusion 
coefficient of O2 in all three electrolytes irrespective of the con-
centration of hydroxide being altered by two orders of magni-
tude.20 If catalytic OER at a single 4 nm sized particle was lim-
ited by hydroxide, then step heights of about 0.35 nA, 3.5 nA 
and 35 nA would have resulted, respectively (see section S3 for 
details). To address the effect of the oxygen concentration on 
the step height, nano impact experiments were performed at 
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different O2 concentrations. Figure 4a shows an absence of im-
pact signals in oxygen-saturated suspensions (green), while in 
aerated (blue) and Ar-saturated (red) suspensions characteris-
tic catalytic nano impact signals are observed. The absence of 
impact features in O2-saturated suspensions and the scaling of 
their height with oxygen concentration further supports the 
conclusion that oxygen transport is the rate limiting process, 
while no significant supersaturation is detected (see S3.2.1). 

 

Figure 4: Effect of oxygen partial pressure p(O2) on chronoam-
perometric impact experiments; a) step heights in oxygen-sat-
urated (green), aerated (blue) and argon-purged (red) suspen-
sions detected at 1.86 V vs RHE; insets show enlarged views. b) 
Step height histograms in aerated and Ar purged suspension 
show a ≈21 % shift of the mean values in agreement with the 
difference in oxygen concentration.  

 

Figure 5: a) Examples of current steps of similar step height and 
different duration; b) plot of step duration (left y-axis, purple 
dots) and charge (right y-axis, orange rhombi) as function of 
step height show no relation. 

The step duration is not an intrinsic feature of the impacting 
nanoparticle. It is a stochastic parameter that represents the 
random nature of nano impact events. Accordingly, steps of 
similar height (recorded at similarly sized particles) may differ 
strongly in duration, as shown in Figures 3 and 5a. Therefore, 
no correlation is seen when plotting the step duration as a func-
tion of the step height in Figure 4b (purple dots). This Figure 
also reveals that there is no correlation between the step height 
and the step area, that is, the charge passed per impact (orange 
rhombi). Hence, the amount of oxygen produced during an im-
pact, is independent of the particle size. This suggests that in-
deed stochastic electrical disconnection of the particle due to 
its detachment from the electrode stops the catalytic OER at the 
nanocatalyst. Disconnection due to formation of an O2 bubble 
is unlikely as it would scale with transferred charge and should 
yield a slowly decaying signal.21The sharp “on/off” transition of 
the current during the recorded steps and the plateauing step 
height further validate this conclusion. Catalytic impacts that 

are terminated due to catalyst poisoning would yield more 
gradual and triangular current spikes. Such response was re-
ported recently for proton reduction at Pt nanoparticles22and 
for H2O2 oxidation at RuO2 nanoparticles.23 

Having demonstrated that catalytic OER at individual 
CoFe2O4 nanoparticles is detected, the current density at im-
pacting particles can be identified to be in the order of tens to 
hundreds of kA·m-2. This is an important achievement, as this is 
similar to industrially utilized current densities of several 
kA·m-2 24,25, which is significantly bigger than the currents of 
few tens to hundreds of A·m-2 typically employed in academic 
research.  

The CoFe2O4 nanoparticles employed in this work are crys-
talline and exhibit the spinel-type crystal structure, as con-
firmed by X-ray diffraction (Figure S3, PDF 1657817) and se-
lected area electron diffraction measurements (SAED, Figures 
6c,e).26 Although CoFe2O4 nanoparticles are exposed to high 
overpotentials up to 1 V and very high current densities during 
linear sweep voltammetry OER (5 mV/s) herein, their spinel-
type crystal structure is maintained after the electrochemical 
treatment. This is confirmed by bright-field TEM and SAED im-
ages before (Figure 6 a-c) and after (Figure 6 d-f) OER studies.  

 

Figure 6: Bright-field TEM images and SAED studies of CoFe2O4 
nanoparticles. a) TEM image, b) derived particle size distribu-
tion and c) SAED analysis before OER; d) TEM and e) SAED 
analysis after OER show no changes; f) HRTEM after OER 
shows intact spinel-type CoFe2O4 particles. 

To easily compare the activity of the diverse range of homo-
geneous and heterogeneous catalysts, the turnover frequency 
(TOF) is a useful parameter. It relates the rate of product for-
mation to the number of active sites of the catalyst. Using Far-
aday’s law, the rate of oxygen formation during an impact 
(n(O2)) is extracted from the recorded current step. Relating 
this to the number of Co ions at the particle surface N(Co2+) 
yields the TOF: 

 𝑇𝑂𝐹 =
∙

( )∙4F
,                        (3) 

where F is the Faraday- and NA the Avogadro constant.  

For example, an impacting 6.7 nm sized CoFe2O4 nanoparticle 
as shown in Figure S6 with a current step of 25 pA and N(Co2+) 
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= 157, yields a TOF of about 2.5x105 molecules of O2 s-1(see SI 
for details). This TOF is orders of magnitude larger than TOFs 
reported for state-of-the-art OER catalysts at supported nano-
particle films25,27 and at enzymes (e.g. Photosystem II), where 
TOF values in the order of 103 O2 s-1 or lower are typically re-
ported.28 

Note that despite the high current densities (kA‧m-2) and ox-
ygen formation rates (≥105 O2 molecules s-1) obtained at indi-
vidual CoFe2O4 nanocatalysts, the formation of oxygen (nano-
)bubbles is unlikely, as due to that the small particle size and 
their spherical shape the nucleation of a bubble is hin-
dred.21,29,30 In line with that, no impact signals were detected in 
oxygen saturated suspensions (Figure 4a).  

Exploiting electrocatalytic single nanoparticle studies, we 
demonstrate that the oxygen evolution reaction is mainly lim-
ited by removal of the product from the CoFe2O4 catalyst sur-
face in strongly alkaline media. Varying the KOH concentration 
over three orders of magnitude verified that hydroxide concen-
tration has no significant effect on the catalytic current. The 
electrochemically derived CoFe2O4 particle size distribution of 
4±2 nm agreed very well with size distributions measured by 
TEM and AFM. Furthermore, SAED measurements of the used 
CoFe2O4 spinel particles showed no difference in crystal struc-
ture before and after the electrocatalysis experiments. This is 
true albeit very high current densities of several kA‧m-2 are 
generated at these catalysts, which result in unprecedented 
turnover frequencies of >105 O2 s-1 at these transition metal ox-
ide catalysts. This does not only reveal the benefit of additive-
free electrocatalyst evaluations. It also provides valuable new 
insights into the limiting factors governing OER at transition 
metal oxide catalysts in dependence of size, shape and activity. 
These insights are essential to identify structure-activity rela-
tions in these catalysts, which in turn are key to the rational de-
sign of affordable, highly active and stable electrocatalysts for 
future energy technologies. 
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