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ABSTRACT 
Scanning electrochemical cell microscopy (SECCM) is increasingly applied to determine the intrinsic catalytic activity of single 
electrocatalyst particle. This is especially feasible if the catalyst nanoparticles are large enough that they can be found and counted 
in post-SECCM scanning electron microscopy images. Evidently, this becomes impossible for very small nanoparticles and hence, 
a catalytic current measured in one landing zone of the SECCM droplet cannot be correlated to the exact number of catalyst 
particles. We show, that by introducing a ruler method employing a carbon nanoelectrode decorated with a countable number of 
the same catalyst particles from which the catalytic activity can be determined, the activity determined using SECCM from many 
spots can be converted in the intrinsic catalytic activity of a certain number of catalyst nanoparticles. 

KEYWORDS 
intrinsic electrocatalytic activity, nanoelectrochemistry, scanning electrochemical cell microscopy (SECCM), PtNi nanoparticles, 
single entity electrochemistry, alkaline medium 

 

1 Introduction 
The performance of an electrocatalyst can be generally 
augmented either by quantitatively increasing the density of 
active sites through optimisation of the film thickness and 
their availability through enhanced porosity [1–5] or by means 
of improving their intrinsic activity through judicious tailoring 
of the active sites according to the specified structure–property 
correlation. Since the former approach has its architectural 
limitations, recent advancement in catalyst development has 
witnessed a lookout for efficient structures based on theoretical 
calculations or modelling [6–8]. Although utilisation of these 
tools allows deeper fundamental understanding of structure– 
activity correlations leading to predictions of improved catalysts 
[9, 10], a practical verification of such structures unequivocally 
requires access to experimental methods capable of revealing 
the intrinsic activity of the catalyst, isolated from all matrix 
effects. Typically, the total apparent catalyst activity includes 
contributions from variations in the electrode coverage, film 
thickness, or particle size, which can be compensated by 
normalizing the activity with respect to the electrochemically 

accessible surface area [11, 12]. This approach marks a step 
closer towards examining the “real” catalyst properties as 
they consider the electrochemically viable catalyst surface area 
instead of the geometric electrode area. However, since the 
obtained catalytic activity is still influenced by film properties 
such as conductivity, film interactions, and surface coverage 
of additives, it cannot be used to derive the intrinsic activity   
of the catalyst. Ideally, the inherent activity of any catalyst 
nanoparticle (NP) can only be analysed in the absence of   
the aforementioned matrix effects. In this regard, multiple 
approaches are reported that aim to fulfil this requirement 
[13–20]. 

More specifically, measuring the intrinsic activity requires 
i) the absence of any matrix effects by analysis of isolated NPs 
(and barring electrode support interactions), ii) the detection 
of the catalytic current, which can be solely attributed to 
the catalyst NPs (excluding the current contribution of the 
underlying electrode surface), iii) the normalisation by the 
electrochemically active surface area of the NPs representing 
the number of active sites on the surface, which contribute to 
the catalytic current. 
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Scanning electrochemical cell microscopy (SECCM) [21, 22] 
is one of the proposed techniques, which provides several 
advantages. It excels in combining a high spatial resolution, 
allowing to unveil local activity inhomogeneities of planar 
substrates, with statistical data due to automatized scanning or 
hopping along surfaces providing information from a large 
number of surface locations [23]. It was mainly employed in 
the analysis of local activity differences (steps/edges, grain 
boundaries) of bulk materials [24–29] or in the deposition of 
polymers [30]. Through combination with characterisation 
techniques, it was possible to provide fundamental kinetic 
information, making it a powerful tool for revealing intrinsic 
properties [31, 32]. NPs have already been investigated with 
SECCM by measuring the currents during experiments involving 
collisions [33] or landing [34] of NPs onto a surface from the 
suspension within the SECCM capillary. The activity of NPs 
already pre-deposited on a surface has also been visualised either 
directly [17] or with the help of an optical system to locate 
individual NPs prior to SECCM measurements [35]. Moreover, 
by using carbon-coated transmission electron microscopy 
(TEM) grids as a substrate for SECCM measurements, smaller 
nanoparticles including a few atom clusters were studied 
with post-electrochemical TEM and scanning TEM (STEM) 
analysis [36, 37]. Since the glass capillary does not make a 
physical contact with the substrate during SECCM measure-
ments, there is enhanced mass transport of gaseous educts 
to reactive sites as well as faster product exchange with the 
surrounding environment. Hence, SECCM with gaseous educts 
or products is mimicking to a certain extent a gas diffusion 
electrode by creating a 3-phase gas/electrolyte/catalyst boundary 
[38]. The SECCM technique has been constantly refined since 
its introduction in order to allow its use in special applications 
such as non-aqueous electrolytes [39], photo-electrochemistry 
[40], and oil-coated substrates [41, 42].  

Since the scanned surfaces are generally too large to be 
introduced into TEM, post-SECCM imaging is usually only 
possible for catalyst materials big enough to be seen in the 
scanning electron microscope (SEM). For catalysts with sizes 
generally relevant for catalytic applications in the range of 
1–50 nm, quantification of the number of scanned particles  
is highly challenging. Hence the question arises, as to what 
information does an SECCM measurement provide for such 
samples. Is it still the intrinsic activity, which is being measured? 
What is a typical number of particles to be measured with 
typical currents? Is it a high number and thus, representing 
a statistically averaged information about the particle size 
distribution, or is each spot accidentally representing a different 
particle size distribution? Against this background, which 
conclusions can be drawn from the data? In this work, we aim 
to answer these questions by careful data analysis and 
utilisation of a complementary specifically designed ruler-type 
technique. 

2  Results and discussion 
In order to fulfil the requirements of intrinsic activity 
measurements using SECCM (Fig. 1), an electrode material of 
very low activity (“inert”) is necessary. Therefore, boron doped 
diamond (BDD) [43] was chosen as underlying electrode 
material. The BDD electrode had a doping level between 500 
and 1,000 ppm. The electrode is a 500 μm disk attached to a 
conductive rod in brass and polished to an average roughness 
(Ra) < 10 nm. PtNi2 NPs were used as catalyst, which are a 
well-known model material with high activity for the oxygen 
reduction reaction (ORR). 

 
Figure 1 Factors, which must be considered for an SECCM measurement 
when information about intrinsic electrocatalytic activity is aspired. 

Following a standard synthesis protocol [44, 45], NPs of 
about 9 nm in diameter and narrow size distribution were 
obtained, which were analysed by means of TEM (see Fig. S1 
in the ESM). In a first step, the blank BDD electrode was 
investigated using voltammetric scans to record its contribution 
to the ORR current, which has to be considered due to the 
supposed sub-monolayer NP coverage. The current response 
only showed a marginal deviation between the 121 spots, 
confirming a consistent blank electrode linear sweep 
voltammogram (LSV), which can be used for electrode current 
contribution subtraction (Fig. 2(a)). After immobilisation of 
PtNi2 NPs and removal of the oleylamine capping upon heat 
treatment at 200 °C for 2 h under ambient air, the measurement 
was repeated with the same electrode. The current at each spot 
was significantly higher due to the ORR current from the NPs, 
but the deviation between the spots was also much higher, 
which can be attributed to the different numbers of NPs at 
each measured location, i.e., the landing zone of the SECCM 
capillary during scanning. Current colour plots show that 
there is no trend between the LSVs and experimental artefacts 
can be excluded (Figs. 2(b) and 2(c)). We further recorded the 
potential of the quasi-reference electrode relative to a stable 
Os-complex (see Fig. S4 in the ESM), clearly confirming that 
there is no significant shift in the reference potential during 
the SECCM area scan. Subtraction of the BDD electrode 
contribution yields the intrinsic PtNi2 activity response, yet 
since the number of NPs at each spot is unknown, it cannot be 
quantified, which denotes a presently existing limitation of 
this technique for such small particle sizes. 

To assess the meaning of the data generated with the 
SECCM experiment, we were looking for a technique which 
provides an estimation of the current from a single NP for 
quantification of the SECCM data. For this purpose, we used 
focused ion beam (FIB) processed carbon nanoelectrodes since 
they can be analysed by means of TEM using a specifically 
developed TEM holder. SEM-FIB processing allows us to create 
a sharp and flat nanoelectrode surface, which is ideal for this 
goal. Typical FIB processing would cause the nanoelectrode 
surface to be in a 90° angle relative to the TEM focus plane 
though, which is why we performed cutting of the electrode in 
a 45° angle (Figs. 3(a)–3(c)). For immobilisation of PtNi2 NPs 
of the same batch, we used potential-assisted immobilisation 
making use of the Brownian motion of NPs in the suspension 
medium [13]. Thermal annealing caused activation of the 
particles by removal of the oleylamine capping layers [45] and 
an increased current compared to the blank electrode was 
observed (Fig. 3(g)). Subtraction of the blank electrode current  
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yields the current, which can be fully assigned to the catalytic 
response invoked by the PtNi2 NPs. For quantification of their 
number, the electrode was transferred to a TEM. Electron 
dispersive X-ray spectroscopy (EDS) analysis revealed the cut 
edge of the insulating glass and thus, the exposed area of the 
electrode (Fig. 3(d)). The dense Si area indicates a complete 
cylindrical sealing of the glass capillary, whereas the low 
intensity region marks the backside which is still covered with 
glass due to the 45° FIB angle. Adjustment of the beam focus 
clearly separates two groups of particles. One group becomes 
sharp at a focus in direction of the electron source and vice 
versa. Hence, one can simply distinguish between the particles 
which are attached at the glass at the backside and are not in 
electrical contact to the electrode surface and the frontside 
particles, which are immobilised at the electrode surface and 
contribute to the catalytic current. Counting of the particles 
yields a number of 51 (Fig. 3(f)), implying that the measured 
current can be divided by 51 to obtain the current a single NP 
would generate (Fig. 2(h)). 

This knowledge can be used to quantitatively analyse the 
SECCM data. By division of the current at high overpotential 
of each SECCM spot by the current referring to one particle as 
determined with the fibbed electrode approach, the number of 
particles at each spot can be estimated and the corresponding  

results are displayed in Fig. 4(a). Since small errors in the single 
NP curve translate to much bigger errors in the determination 
of the number of particles for the SECCM measurement, these 
numbers should not be interpreted as exact, but they reflect 
the approximate range, which is between 80 and 1,300 NPs for 
this study in a Gaussian like distribution centred around 
300–400 NPs (Fig. 4(b)). This range is suitable for providing 
statistical averaging of the particle size distribution and thus, 
yields realistic averaged information about the particle ensemble. 
This would allow transfer of the information on bigger scales 
as well. However, the intrinsic activity would only be obtained 
when the particles act as independent units and do not interact 
with each other unlike for instance agglomerates, where a 
fraction of the surface is blocked by the neighbouring particles. 
With an average diameter of the wetted surface area for each 
spot of about 800 nm (see Fig. S3 in the ESM), the possible 
number of NPs exhibiting a diameter of 9 nm can be calculated 
until a full monolayer coverage is reached for 6,183 particles, 
which is way higher than the approximate number of particles 
even at the spot of highest current. This implies that the chosen 
NP concentration for drop-casting was a suitable compromise 
between enabling enough dilution for having less than monolayer 
coverage as necessary for intrinsic activity analysis while having 
sufficient coverage to achieve an acceptable signal to noise 

 
Figure 2 (a) ORR LSVs in 0.1 M KOH obtained via an SECCM scan on a boron-doped diamond electrode. The KOH was not purged with oxygen to 
ensure optimal stability of oxygen concentration under ambient air conditions. In black, the blank electrode is shown, in red the combined response after
PtNi2 NP immobilisation and removal of the capping layer is shown. The straight lines represent the average responses and the dashed lines show their 
standard deviations from 121 independent measurements. ((b) and (c)) Colour plots showing the obtained current at each spot at 0.2 V vs. reversible
hydrogen electrode (RHE) of the bare electrode and the surface after immobilisation of NPs, respectively. The size of the SECCM capillary is ~ 800 nm 
and the scan covers a 40 μm × 40 μm area with a hopping distance of 4 μm. 

 
Figure 3 (a)–(c) Schematic illustration of the FIB process of a carbon nanoelectrode with a cutting angle of 45°. TEM beam orientation is shown in (c). 
(d)–(f) TEM-EDS of the FIB processed electrode after immobilisation and activity measurement of PtNi2 NPs. The Si signal shown in (d) reveals which 
NPs are immobilised on top of the glass insulation and thus, not in contact with the electrode (back and front sides of the capillary are indicated in (e)),
which allows counting of current contributing NPs (f). (g) and (h) Electrochemical ORR measurements in 0.1 M KOH under ambient air oxygen
concentration of the FIB processed electrode. 
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ratio and statistical representation of the NP population. To 
further confirm the statistical representation, all blank BDD- 
electrode corrected LSV curves should scale with a constant 
factor throughout the whole kinetic region with this factor 
representing the ratio of the different NP numbers in the 
different measured surface areas. Tafel analysis confirms kinetic 
behaviour according to the Butler–Volmer equation without 
any influence of mass transport effects for the entire potential 
range, enabled by enhanced hemispherical diffusion towards 
the NPs (see Fig. S5(c) in the ESM). In Fig. 4(c), a representative 
current ratio of all curves relative to an arbitrary spot with 
intermediate number of particles is shown. Whereas all lines 
confirm a rather constant current ratio and thus, NP ratio 
quite well, the accuracy becomes even higher for smaller 
current ratios (comparing LSVs of higher NP numbers) and 
higher overpotentials. This can be rationalised by the higher 
probability of statistical representation of the NP population 
with averaging out the size distribution and the reduced effect 
of noise at higher overpotentials. 

3  Conclusion 
SECCM provides several advantages to obtain intrinsic activity 
information averaged for an entire NP size distribution, which 
is the goal for verification of theoretically predicted activity 
properties. However, for catalytically relevant small particle 
sizes, the determination of the NP number and thus, their 
surface becomes a challenge. In general, we highlighted why 
electrode contribution subtraction becomes important especially 
for small NP sizes, how the reference electrode shift must be 
ruled out and can be monitored and how the linear scaling 
between different NP numbers can be evaluated. Quantification 
remains the biggest challenge and it is generally unknown 
whether many multilayers are present, a very small coverage 
of isolated NPs or something in between. We demonstrated 
that this information can be gathered using a complementary 
“ruler” technique, which alone enables to investigate the activity 
current profile of a single NP. Furthermore, its extrapolation 
confirms that also statistical analysis of intrinsic activity 
representative for the NP population can be achieved with 
SECCM, where also with very small NPs the signal to noise 
ratio is sufficient to investigate isolated NPs. Hence, both 
techniques allow to accomplish the challenging search for 
intrinsic properties, also for very small NP sizes, when the 
SECCM substrate does not fit into a TEM or the wetted area 
of each spot cannot be identified. 
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