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Abstract
Scanning electrochemical cell microscopy (SECCM) has emerged as a transformative technology for electrochemical material characterisation and the study of single entities, garnering global adoption by numerous research groups. While details on the instrumentation and operational principles of SECCM are readily available, the growing need for practical guidelines, troubleshooting strategies, and a systematic overview of applications and trends has become increasingly evident. This tutorial review addresses this gap by offering a comprehensive guide to the practical application of SECCM. The review begins with a discussion of recent developments and trends in the application of SECCM, before providing systematic approaches to (and the associated troubleshooting associated with) instrumental set up, probe fabrication, substrate preparation and the deployment of environmental (e.g., atmosphere and humidity) control. Serving as an invaluable resource, this tutorial review aims to equip researchers and practitioners entering the field with a comprehensive guide to essential considerations for conducting successful SECCM experiments.

1. Development and applications of scanning electrochemical cell microscopy (SECCM)
Scanning electrochemical cell microscopy (SECCM)1 was introduced over a decade ago and has rapidly gained traction among numerous research groups (Figure 1), emerging as a novel approach, predominantly in the fields nanoelectrochemistry2 and (electro)materials science. 3, 4 Through continuous advancements, SECCM has evolved from its initial microscale application to its contemporary utilisation at the nanoscale. This technique employs a mobile electrolyte droplet (meniscus) cell protruding from the tip of a nanopipette, which serves as a versatile probe for local measurements of electrochemistry and topography. Initially employed for imaging purposes, SECCM effectively maps electrochemical reaction rates across heterogeneous electrode surfaces, having been used for diverse materials, ranging from carbon-based to metallic electrodes.5-7 
The foremost advantage inherent to SECCM lies in its capacity to facilitate truly localised electrochemical measurements at the nanoscale on a “dry” (i.e., un-immersed) electrode surface. This unique feature simplifies the task of conducting structural characterisations in an identical-location manner, rendering it highly compatible with complementary ex-situ techniques such as scanning electron microscopy (SEM), energy-dispersive X-ray spectrometry (EDS), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and Raman spectroscopy, etc.8-11 Consequently, SECCM enables ready investigation of the structure-activity relationships of functional electrode surfaces. Furthermore, refinements in SECCM methodology have notably expanded its capabilities, particularly in the realm of characterising the (sub)nanoscale structural heterogeneities (e.g., defects) that are inherent to electrode surfaces.12-14
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Figure 1 The stacked bar graph illustrating the distribution of publications utilising SECCM, based on author affiliations/institutions by country, while the line profile represents the total number of publications per year.
Since its inception, SECCM has been employed to analyse and characterise structurally heterogeneous surfaces in a local regime (i.e., µm to nm scale) to investigate electron-transfer kinetics at a diverse range of electrode materials including, highly oriented pyrolytic graphite (HOPG), 15 boron-doped diamond (BDD)16 and polycrystalline metals, such as platinum.17 More recently, SECCM investigations were extended into corrosion science, which aim to correlate local corrosion rates with the underlying materials composition and structure (e.g., crystallographic orientation, phase, inclusions etc.). Such studies include the corrosion susceptibility of low-carbon steel in a neutral18 and acidic environments,19 particularly focusing on the role of MnS inclusions in both anodic and cathodic processes, Zn 20 under controlled atmospheric conditions (e.g., aerated vs de-aerated) and metal alloys21  in aqueous NaCl (i.e., seawater analogue). 
SECCM has also been widely used in the study of two-dimensional (2D) materials due to its capability to selectively target specific regions for analysis in combination with co-located complementary techniques such as Raman microscopy, AFM, and others. Such studies have included four different variants of 2D transition metal dichalcogenides (TMDCs) 22 and graphene,8, 23 and have focussed on quantifying the impact of layer number and the presence of surface heterogeneities (e.g., defects) on electron transfer kinetics in 2D materials,8 for example the roles of cracks, grain boundaries, and point defects proton transportation through graphene|Nafion films.12 SECCM has also found widespread use in the field of electrocatalysis, in particular to understand how the local (surface) structures within electrocatalysts can function as active sites that dominate the overall (macroscopic) behaviour of such materials. Recent exemplar studies include conductive metal–organic frameworks (MOFs),24 and single-crystalline β-Co(OH)2 platelet particles,25, 26 with the latter class of materials demonstrating an inactive basal plane and highlighting dominant edge activity in the absence of basal plane defects.
Beyond its imaging capability, SECCM, which confines the reaction to a selected region and allows for fast measurements at multiple locations (i.e., high-throughput), has been combined with various other techniques to achieve more advanced in-situ and ex-situ characterisation capabilities. The combination of interference reflection microscopy (IRM),27, 28 a surface-sensitive technique that provides detailed information about processes occurring in close proximity to an interface, with SECCM, enables real-time optical monitoring of the droplet-based electrochemical cell, as well as the processes taking place within at the electrode/electrolyte interface. By merging SECCM with electrochemical impedance spectroscopy (EIS),29, 30 a new method coined scanning electrochemical cell impedance microscopy (SECCIM) was created, allowing for the examination of minute interfacial phenomena like charge transfer, adsorption, and the formation of resistive oxide films on surfaces using distribution of relaxation time analysis. Studies have also been conducted by leveraging the ability of SECCM to perform high-throughput measurements (e.g., 100s – 1000s measurements in single scan), for example in combination with Raman microscopy to reveal the properties of solid-electrolyte interphase (SEI) in a combinatorial screening methodology.16, 31, 32 
Combining SECCM with photo-illumination techniques (both local33 and global34 illumination variants) allows for the analysis of the structure-function relationship of photoactive materials, overcoming conventional challenges associated with submicron spatial resolution and low signal-to-noise ratios at low conversion efficiencies. The studies included high spatial resolution photoactivity mapping of thin film TiO2,  for the oxygen evolution reaction (OER)35 and screening of P3HT films with varying thicknesses, revealing a correlation between photoactivity and film morphology36. Combination with optical techniques also gave rise to optically targeted electrochemical cell microscopy (OTECCM), whereby optical hyperspectral imaging is used to locate and structurally characterise individual active sites (e.g., nanoparticles) before measuring their associated electrochemical properties with SECCM. This “targeted” mode of SECCM offers significant throughput advantages over conventional scanning based approaches and has been used, for example, to study the electrocatalytic oxidation of hydrazine at individual Au nanorods.37
While commercial options for SECCM instruments are increasingly becoming available, a significant portion of SECCM set ups are still “home built” and customisable, often based upon the foundational framework established by the Warwick Electrochemistry and Interfaces Group.38 Over the years, numerous publications have reported on the technical aspects of SECCM (e.g., details on the set up and operational procedures), but nevertheless, the technique is still highly specialised, meaning there remains is a considerable barrier for entry for new users. As the adoption of SECCM continues to surge, expanding from its origins with a single group in 2009 to a remarkable 36 groups as of 2023, the need to disseminate on the more technical aspects of its use has become increasingly apparent. Thus, the primary goal of this tutorial review is to provide a “survival guide” for new users of SECCM, beginning with a concise overview of technique, before addressing common pitfalls encountered in practice by offering troubleshooting strategies that cover all aspects of use, including instrumental set up, probe (tip) fabrication and filling, sample preparation, environmental control etc. 
2. SECCM instrumentation
Unless otherwise stated, the instrumentation discussed herein is based on the original set up developed in the Warwick Electrochemistry and Interfaces Group.1 A typical SECCM set up comprises nano-positioning, signal amplification, and data acquisition systems, all ideally situated on a vibrationally isolated (usually passively damped) optical table (Figure 2a). To minimise the potential for disturbances such as instrumental vibration, thermal drift, and/or electrical noise, positional controllers and signal amplifiers are typically positioned remotely from the table. The SECCM instrument is operated by an FPGA-based data acquisition system interfaced through LabVIEW, and pre-built LabVIEW software is accessible through a publicly-available academic license (https://wecspm.warwick.ac.uk/). This LabVIEW interface enables real-time monitoring and control of the SECCM instrument, encompassing functions such as mapping, line scanning, and point measurements.
The typical workflow of SECCM scanning and schematics of the SECCM platform can be found in Figure 2. It is important to note that this tutorial primarily focuses on the practical aspects of instrumentation (Section 2) as well as probe (Section 3) and sample (Section 4) preparation and characterisation. Further fundamental details on approach curves and scanning modes can be found elsewhere.1, 38, 39  The scanning system is housed within a Faraday cage (Figure 2b) to ensure the redirection (grounding) of electrical noise. Typically, the nano-positioning stages located inside the Faraday cage include a home-built probe holder connected to a coarse positional control stage, with initial positioning of the probe near the surface area of interest achieved using either a three-axis automated stepper motor or a manual micro-positioner. Notably, two types of nano-positioning configurations are possible: either using a single three-axis cube piezoelectric stage, allowing probe movement in XYZ directions, or a combination of a two-axis piezoelectric stage (for lateral movement of the sample) with a single-axis piezoelectric stage (for vertical movement of the probe). The sample holder can be customised to accommodate various samples, such as TEM grids and epoxy-mounted polished metal substrates. The signal amplifier head stage is also securely placed within the Faraday cage to minimise electrical noise. Additionally, a high-resolution camera with telecentric lenses is aligned with the sample to visually monitor the probe location, which is important for co-location of SECCM scan areas with other forms of ex-situ microscopic analysis.

Aside from electrical noise (ameliorated through the use of a grounded Faraday cage), another source of noise influencing SECCM measurements is mechanical interference, which includes acoustic and vibrational noise. Vibrational noise from the floor and building can potentially cause physical damage to the probe during soft droplet-contact with the sample substrate, particularly when using probes with diameters smaller than 100 nm. It can also limit the performance of the piezoelectric positioning system, influencing the achievable spatial resolution of the probe and/or sample movement at the nanoscale. As depicted in Figure 2a, a vibrational damper (e.g., an optical table or portable vibration isolating stage) should be positioned under the parts of the SECCM instrument located within the Faraday cage (i.e., piezoelectric positioners, micropositioners, sample stage etc., see Figure 2b). It is recommended to place all other hardware outside of the Faraday cage to prevent interference from any other instrumental vibration, e.g., from the cooling fans within the controllers or amplifiers. Furthermore, to minimise the effects of acoustic noise, the inner walls of the Faraday cage should be lined with sound absorption proofing panels (e.g., acoustic foam). 
[image: ]Figure 2 (a) A flow chart of a typical SECCM experiment. Schematics of a typical SECCM platform, illustrating (b) major instrumental components for scanning operation and (c) the SECCM set up located within a Faraday cage. 

Another crucial consideration for the optimal operation of SECCM is positional drift in the piezo (termed piezo drift herein) caused by thermal gradients within the Faraday cage. After setting up an experiment and closing the Faraday cage prior to measurement, temperature fluctuations within the cage can induce piezo drift, causing continuous (usually unidirectional) changes X, Y, and Z positions of the probe and the sample. Severe piezo drift may lead to a non-uniform scan pattern (see Figure 3) and potentially probe damage. To mitigate this, vacuum-insulated panels and aluminium heatsinks can be affixed to the Faraday cage walls, providing thermal insulation and promoting temperature equilibrium within the closed cage40, 41.  For example, the typical time-dependent piezo drift expected during SECCM measurements has previously been observed, with Z-piezo positional drift decreasing from 10 nm per min to 5 nm per min on a timescale of 3 hours (i.e., on the timescale of a relatively long SECCM scan).42, 43 In most cases, piezo drift on the order of nm/min should be negligible within typical measurement timescales, ranging from a few milliseconds to a few seconds. However, if significant positional drift is observed during prolonged scanning (Figure 3b), it is advisable to allow the piezo stage to equilibrate for 30-60 minutes after closing the Faraday cage door, enabling thermal fluctuations to stabilise before initiating the SECCM scan.

[bookmark: _Hlk147935926][bookmark: _Hlk147937238][image: ]Figure 3 SEM images of the SECCM scan area on a metal surface, post measurement, with the droplet footprints visible. (a) features a scan area without piezo drift and (b) features a scan area with piezo drift (both images were acquired from a top view). Under normal operational conditions, the scans are expected to form a rectangular shape in (a). However, due to thermal drift, more prominent along the y-axis, the shape of the scan is distorted (b). Note that both hopping mode scans were performed with a probe of diameter 400 nm, with cyclic voltammetry measurements in the X and Y direction on the metal alloy surface (hopping distance = 3 mm). 

As illustrated in Figure 4a and b, SECCM measurements can be performed in either single-barrel or dual (multi)-barrel configurations1, 44, 45. In the single-barrel setup, a potential is typically applied to the QRCE (V1 = -Eapp on the substrate surface), and the current at the surface (Isurf) is continuously monitored during the scan. Isurf serves both as positional feedback and as the electrochemical response from the substrate, i.e., the surface of interest. While the probe approaches the substrate, the setup maintains an open circuit (i.e., |Isurf| ≈ 0, the static noise typically exhibits a peak-to-peak amplitude of 2 pA at a bandwidth of 1 kHz on the current amplifier)46. Once the droplet establishes contact with (i.e., wets) the substrate, forming a closed circuit (i.e., |Isurf| > 0, due to an electrochemical reaction and/or double-layer capacitance), the probe ceases movement, and the electrochemical measurement is conducted. As the positional feedback relies on Isurf, the substrate material must be electrically conductive (i.e., an electrode).
	In the dual-barrel configuration, a broader spectrum of materials can be investigated compared to the single barrel configuration. Here, an ionic current (Iion) in the formed droplet of electrolyte, resulting from the potential bias between the barrels (V2), is recorded for probe positioning and changes upon droplet contact with the surface under study. It is important to note that Iion is independent of Isurf while the probe is approaching to the surface. The other potential (V1) is applied to conduct the electrochemical reactions, and the current arising from the reaction at the substrate surface, Isurf, is measured. In the dual-barrel SECCM configuration of Figure 4b, the applied potential (Eapp) to the substrate is –(V1+V2/2).1, 38 The probe-to-substrate distance can be more precisely controlled by implementing AC positional feedback in Iion through sinusoidal oscillation of the probe position in the z-direction. Typical frequency values range from 70 to 300 Hz, optimised to achieve the highest signal-to-noise ratio, with an amplitude of dprobe/10 (where dprobe represents the diameter of the probe).38, 39 
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Figure 4 Schematics of two SECCM probe configurations: (a) a single barrel SECCM probe filled with electrolyte and a desired QRCE, where a potential (V1) is applied, and the current (Isurf) is measured at the substrate (i.e., working electrode; WE). Note that the positional feedback is Isurf; (b) A dual barrel SECCM probe with two QRCEs. An additional V2 control bias potential between the barrels provides ionic current (Iion) that becomes positional feedback independent from Isurf. Two examples of scanning modes in SECCM, including (c) constant-distance and (d) hopping mode. Note that all schematics are not to scale.

SECCM can be conducted in two scanning modes, as illustrated in Figure 4c and d: the constant distance mode and the hopping mode. In the constant distance mode, positional feedback is monitored throughout the scan, maintaining the distance between the probe and the substrate constant at the defined feedback threshold without retracting the probe.47 This mode can only be performed using AC positional feedback with a dual-barrel probe (i.e., AC Iion). In the hopping mode, the droplet cell forms upon each landing of the probe on the surface, with a predefined hopping distance and retract/approach distance. The hopping distance is chosen based on the probe size and wettability of the surface by the used electrolyte (vide infra), preventing any overlap between adjacent droplets (measurements). Probe translation speeds need to be carefully selected, typically approximately dprobe nm per second, depending on the probe size and the specifications of the piezoelectric stage, including translational resolution and bandwidth.40 When the translation speed exceeds the specifications of the stage, it leads to hysteresis between the signal and the distance from the stage controller during approach/retract, resulting in inaccurate probe and sample positioning and increasing the risk of probe damage. The hopping mode is particularly powerful for developing high-throughput electrochemical measurements with SECCM, where different sets of measurement conditions and parameters can be implemented on a “per-hop” basis. This mode can be performed with either single- or dual-barrel probes with any of the positional feedback types discussed above. Finally, it is worth noting that both scanning modes are able to achieve high spatial resolution and scanning speed, while also providing synchronously obtained topography maps of the substrate surface.40, 44, 48

3. SECCM probe fabrication and preparation  
SECCM utilises pipette-based probes that can be readily fabricated in the laboratory, offering well-defined geometry and high reproducibility. Probe tip size, geometry (e.g., orifice size, the inner pipette half-cone angle, and glass wall thickness), and surface properties (e.g., hydrophobicity of the glass surface) can impact the electrochemical response49 and overall fidelity of the SECCM scan. Two types of instruments, a CO2-laser puller or a two-stage capillary gravity-puller, are usually employed for probe fabrication, both capable of pulling pipettes with diameters ranging from tens of nanometres to the micrometre scale. In both cases, the size and geometry of the probes can be adjusted by modifying the pulling parameters such as heating temperature, pulling speed, and strength. 
To fabricate the SECCM probe with the laser puller, several key parameters must be considered and adjusted accordingly. Firstly, the HEAT range, which spans from 0 to 999, determines the laser output power and thus the energy applied to the glass. Different types of glass require specific HEAT settings, typically starting at around 350 for borosilicate glass, 400 for aluminosilicate glass, and ranging from 700 to >900 for quartz. Secondly, the FILAMENT (FIL) range, from 0 to 15, dictates the scanning pattern of the laser beam and the heat distribution within the scanning length. The VELOCITY (VEL) parameter, ranging from 0 to 255, measures the glass carriage system's speed, indirectly indicating the glass temperature and allowing for precise temperature selection. The DELAY (DEL) range, also from 0 to 255, manages the timing between heat deactivation and the hard pull activation, affecting taper length and tip diameter. These parameters collectively ensure the accurate fabrication of the SECCM probe. Lastly, the PULL range, also from 0 to 255, controls the force of the hard pull, influencing the pipette's tip diameter and taper length. More detailed instructions are available from the provider (Sutter Instrument®, US).
As a general rule of thumb, the laser puller, with optimised pulling parameters, offers a cleaner environment for probe fabrication and can fabricate smaller sizes (i.e., diameters below 100 nm) compared to the capillary gravity-puller equipped with an electric heating coil. With both instruments, the optimal pulling parameters required to pull a probe of a given geometry varies depending on the starting capillary material (i.e., quartz vs. borosilicate glass) and dimensions (i.e., inner and outer diameters; i.d. and o.d.). Critically, the ratio of the capillary i.d./o.d. plays a crucial role, particularly in fabricating nanopipettes with radii less than 20 nm. To achieve smaller orifice (tip) sizes, it is beneficial to have a small i.d./o.d. ratio, which can be adjusted by preheating the capillaries before applying conventional pulling procedures.50 
Depending on the size of the probe tip, optical microscopy, scanning electron microscopy (SEM), and/or transmission electron microscopy (TEM) can be utilised to characterise the tip geometry in more detail.49 The precise probe geometry is required to perform complementary finite element method (FEM) modelling, which is often necessary for quantification of local electron-transfer rate constants, ion flux, surface charge etc.50 Table 1 summarises the documented pipette probe fabrication recipes for both CO2-laser and capillary gravity-pullers, detailing the pulling parameters used and the size of the resulting probe tip. Figure 5 illustrates the typical optical and electron microscopy images of probes with different sizes (diameters). Note that these protocols are also applicable to the fields of scanning ion conductance microscopy and pipette-based solid-state nanopore systems for single-molecule detection, as both are pipette-based techniques similar to SECCM.49-51
[bookmark: _Ref434334835][bookmark: _Toc442984398]Table 1. summary of capillary specifications and probe pulling parameters of two-stage capillary gravity-puller and CO2-laser puller
	Capillary specifications
	Pulling parameters
	Probe diameter
	Ref.

	
	
	
	

	[bookmark: _Hlk155792920]Two-stage capillary gravity-puller

	

	Borosilicate capillary;
o.d., 1.0 mm; i.d., 0.5 mm
	First step: heat 63.3; weight 0; slider 9 
Second step: heat 61.7; weight 0; slider 4.5
	∼1 μm
	52

	Borosilicate capillary
o.d., 1.0 mm; i.d., 0.58 mm
	First step: heat 65; weight 3; slider 8
Second step: heat 55; weight 3; slider 4
	70 μm
	53

	Borosilicate capillary;
o.d., 1.0 mm; i.d., 0.5 mm
	First step: heat 61; 4 weights (2 light and 2 heavy)
	67 nm
	13

	Borosilicate capillary;
o.d., 1.2 mm; i.d., 0.69 mm
	First step: heat 60; 4 weights (2 light and 2 heavy)
	500 nm
	Our studies

	CO2-laser puller

	

	Borosilicate capillary;
o.d., 1.0 mm; i.d., 0.7 mm
	HEAT 435; FIL 2; VEL 30; DEL 145; PUL 175

	400 nm
	54

	Quartz capillary;
o.d., 1.0 mm; i.d., 0.7 mm
	HEAT 490; FIL 1; VEL 30; DEL 145; PUL 175

	200 nm
	55

	Quartz capillary
	HEAT 730-780; FIL 3; VEL 30; DEL 130; PUL 80-100

	500 nm – 1 µm
	56

	Quartz theta capillary
	Line 1: HEAT 800; FIL 4; VEL 40; DEL 130; PUL 0
Line 2: HEAT 750-770; FIL 3; VEL 30; DEL 130; PUL 70-90.
	Each barrel ∼450 nm
	56

	Quartz capillary;
o.d., 1.2 mm; i.d., 0.9 mm
	HEAT 720-790; FIL 3; VEL 30; DEL 130; PUL 65-100
	100 nm to 1.5 µm
	57

	Borosilicate capillary;
o.d., 1.2 mml; i.d., 0.69 mm
	HEAT 780; FIL 4; VEL 40; DEL 130; PUL 120
	1 μm
	58

	Glass capillary;
o.d., 1.2 mm ; i.d., 0.69 mm
	HEAT 350; FIL 4; VEL 40; DEL 200
	2 μm
	53

	Quartz capillary
	HEAT 680; FIL 4; VEL 45; DEL 130; PUL 35
	5 μm
	53

	Quartz capillary;
o.d., 1 mm; i.d., 0.5 mm
	Line 1: HEAT 750; FIL 4; VEL 30; DEL 150; PUL 80
Line 2: HEAT 650; FIL 3; VEL 40; DEL 135; PUL 150
	30−60 nm
	49

	Borosilicate capillary;
o.d., 1.2 mm; i.d., 0.69 mm
	Line 1: HEAT 330; FIL 3; VEL 30; DEL 220; PUL 80
Line 2: HEAT 330; FIL 3; VEL 40; DEL 180; PUL 120
	150−200 nm
	49

	Borosilicate capillary;
o.d., 1.0 mm; i.d., 0.78 mm 
	Line1: HEAT 350; FIL 3; VEL 21; DEL 200
Line 2: HEAT 350; FIL 2; VEL 26; DEL 160; PUL 250
	100 nm
	59

	Borosilicate capillary,
o.d., 1.0 mm; i.d., 0.58 mm
	Line 1: HEAT 310; FIL 3; VEL 25; DEL 150; PUL 0
Line 2: HEAT 280; FIL 2; VEL 23; DEL 150; PUL 250
	∼25 nm-50 nm by adjusting preheating
	50


outer diameter, o.d; inner diameter, i.d.; heat, HEAT; filament, FIL; velocity, VEL; delay, DEL; pull, PUL.
After fabrication (Figure 5), the pulled capillary (pipette) is filled with electrolyte using a fine-tipped syringe to naturally form a droplet at its tip and then a quasi-reference counter electrode (QRCE; vide infra) is inserted from the back to complete the SECCM probe. It is recommended to have a filament (i.e., an annealed glass rod running the length of the capillary) present inside of the capillary especially when the tip size is below 1 m (Figure 5 e and f), which facilitates the filling of the electrolyte to the pipette end via capillary action. Multi-barrelled probes can be fabricated from multichannel capillaries (i.e., theta capillary for dual barrel or cross-theta for quad barrel).42, 43 
In addition to microscopy (vide supra), probe dimensions (diameter and/or cone angle) also can be estimated by emulating the experimental set up used in scanning ion conductance microscopy (SICM), where the filled SECCM probe is immersed in a bath containing an identical electrolyte solution and QRCE.60 In this set up, the current induced by ionic flow through the probe tip is linearly proportional to the applied potential between two QRCEs, i.e. Ohm’s law. The acquired slope from the current-potential plot represents the probe resistance, which is inversely related to the diameter of the probe orifice. For example, a robust linear relationship of the probe resistance with puller power and the multiplicative inverse of the probe diameter was previously observed, indicating that probe size can be estimated (and controlled) without the need for electron microscopy.13 
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Figure 5. Image of the pipette geometry characterization using different microscopes. (a) optical microscopy image of a borosilicate pipette, (b), (c) and (d) SEM image of typical borosilicate pipette at different angles, (e) and (f) TEM image of a quartz and borosilicate pipette respectively. The filament of in the pipette can be seen in Figure (a), (e) and (f). (a) and (b) from our studies, (c) and (d) reproduced from Ref [61] with permission from American Chemical Society, copyright © 2016, (e) and (f) reproduced from Ref [49] with permission from American Chemical Society, copyright © 2016.
While filling the probe with electrolyte, the formation of bubbles near the taper of the capillary is a regular occurrence, which if not removed, will physically obstruct the flow of current between the working electrode (i.e., electrode surface area wetted by the SECCM droplet cell) and QRCE. These bubbles are relatively large and can be observed using a standard optical microscope at low magnification. Several methods exist for bubble removal, three of which are discussed in turn. Method 1: applying a gentle mechanical shock to the capillary by flicking it with a finger or rubbing it against the teeth of tweezers; this approach is generally effective, although there is a possibility of damaging or breaking the probe tip. Method 2: creating negative pressure using a simple apparatus comprised of a microfluidic tube connected to a syringe. When the apparatus is connected to the back of the capillary, negative pressure can be generated by pulling the syringe plunger, thereby enlarging the bubble in the capillary and dislodging it from the blocked area. Method 3: centrifugal force can be employed to eliminate the bubble, achieved by securing the electrolyte-filled probe within a centrifuge tube (such that it doesn’t dislodge during centrifugation) and running the centrifuge.
The overall (lateral) spatial resolution achievable in mapping is determined by the dimensions (diameter) of the probe tip and the wetting area of the droplet cell (Table 2). The wettability and stability of the droplet cell on surfaces during SECCM scanning are influenced by the nature of the electrolyte (e.g., ionic strength, pH etc.), substrate surface, and their interactions. Empirically, droplet cell stability/confinement can be influenced by modifying the surface properties of the SECCM probe. This is most commonly achieved by functionalising the outer walls of the pipette probe with hydrophobic (or hydrophilic, depending on the silane used) groups via silanization (or siliconization). A typical procedure for silanization of an SECCM probe entails connecting the inlet of the capillary to a high-pressure argon gas source (~6.5 bar) to prevent the hydrophobic silane solution entering into the pipette and functionalising the inner walls. Subsequently, the tip (outlet) is immersed in a silane solution, typically dichlorodimethylsilane, for 7 seconds to 1 minute, after which it is removed and allowed to dry for 30 seconds while keeping the Ar backpressure 56, 61, 62.  Moreover, other surface modifications can be applied to pipette tip for different applications such as silver/gold coating of the nanopipette for making a SERS-active surface for single entity detection.63 While wetting issues are not commonly reported with nanoscale probes, as noted above, electrolyte properties, e.g., pH, environmental condition, substrate material properties and its morphology may play crucial roles in determining these interactions.64 In the next section, we further discuss strategies for mitigating excessive droplet cell wetting during prolonged scanning.   
It is crucial to utilise an appropriate QRCE to provide a stable electrochemical reference potential during SECCM. Usually, a AgCl-coated Ag wire (Ag/AgCl electrode) can be used, made by anodising Ag wire in a saturated KCl solution. The long-term stability of fabricated Ag/AgCl QRCEs can be assessed by measuring the open circuit potential (OCP) relative to a commercial reference electrode.24, 65 It is recommended to conduct this assessment prior to undertaking SECCM measurements to ensure the stability of the employed Ag/AgCl QRCE on the scanning timescale. A study on the stability of these Ag/AgCl QRCEs in the confined environment of a nanopipette demonstrated that with suitable handling and placement of the electrodes, they can be stable for at least 6 hours without any Ag+/Cl− contamination at the working electrode surface. These considerations include preventing any physical damage and detachment of the AgCl coating during insertion into the probe and placing the end of the QRCE at least 3 cm from the end of the probe tip. 65 Other types of QRCE have also been implemented for various applications, as summarised in Table 2. Ag wires, for instance, have been utilised for the charge/discharge analysis of single TiO2 nanoparticle clusters in LiPF6 in non-aqueous EC/EMC electrolyte.58 The Al1-xLix electrode has been employed to investigate lithium-ion transport in lithium iron phosphate particles in an ionic liquid, demonstrating high stability even after 24 hours of measurements.66 Pd-H2 and Pt have been implemented in aqueous alkaline electrolytes to study surface oxide formation at individual Au nanoparticles61 and the electrocatalytic activity for the OER of hexagonal spinel Co3O4 nanoparticles, 56 respectively. A commercial leak-free Ag/AgCl reference electrode can also serve as a QRCE, eliminating any Ag⁺/Cl⁻ contamination and ensuring high stability over extended SECCM scans.55, 57, 67, 68
Finally, to prevent the solution at the back of the capillary from evaporating and to ensure prolonged usability of the probe, a common approach involves adding a small quantity of silicone oil to the probe after filling it with the electrolytes.69 This practice helps maintain the stability of the droplet and mitigates potential evaporation-related challenges, such as instability of QRCE due to variation in electrolyte concentration, especially during extended scanning.
Table 2.  Examples of SECCM scanning conditions: substrate materials, electrolytes, probe diameter, footprint diameter or area, and QRCE.
	Substrate
	Electrolyte
	Probe diameter (μm)
	Footprint diameter (μm) or area (μm2)  
	QRCE
	Ref.

	NiO/Ni
	0.01 M HClO4 / 0.01 M KCl
	-
	0.7
	AgCl coated Ag
	70

	LiFePO4 on glassy carbon (GC)
	[EMIM][Tf2N]
	1.4 
	~20 
	Al1-xLix
	66

	ZrO2-coated LiCoO2 film
	3 M LiCl
	0.1
	-
	AgCl coated Ag
	71

	LiMn2O4 on GC 
	1 M LiCl
	0.5
	1.2
	AgCl coated Ag
	72

	LiFePO4 on GC
	1 M LiClO4 in EC:DEC (1:1 v/v%)
	10
	72.1 μm2
	AgCl coated Ag
	73

	Si (111) wafer
	1 M LiPF6 in EC/EMC (1:1 v/v%)
	1
	2
	Ag 
	74

	Cu foil
	0.5 M LiPF6 in PC
	500 
	1000
	Li
	75

	HOPG
	1 M LiPF6
in EC/EMC (1:1 v/v%)
	30 
	50
	Ag 
	76

	Pt nanoparticles (NPs) 
	1 or 5 mM H2O2 in 0.1 M HClO4
	1 
	∼1 μm2
	Pd-H2
	77

	Pt
	0.5 M H2SO4 
	1 
	5 μm2
	AgCl coated Ag 
	52

	Pd NPs on GC
	0.5 M H2SO4
	0.4
	0.5 
	AgCl coated Ag
	54

	SiOx/Si
	1 M LiPF6 in EC/EMC (1:1 v/v%)
	2
	4
	Ag 
	78

	Ag foil
	0.01 M HClO4
	0.2
	0.2
	AgCl coated Ag
	55

	Co3O4 NPs on GC
	0.1 mM [(Os(2,2'-bipyridine)2(N,N'-dimethyl-2,2 ́-biimidazole)](PF6)3in 0.05 M KOH
	0.5 - 1
	2
	Pt 
	56

	GC
	0.1 mM [(Os(2,2'-bipyridine)2(N,N'-dimethyl-2,2 ́-biimidazole)](PF6)3in 0.05 mM KOH
	0.1 - 1.5
	0.9 - 2
	Ag/AgCl (3 M KCl)
	57

	TiO2 NPs on Au 
	1 M LiPF6 in EC/EMC (1:1 v/v%)
	3
	5
	Ag
	58

	LiMn2O4 particles on GC
	1 M LiCl solution
	2, 5 
	2-3, 5 
	AgCl coated Ag
	
53

	molybdenite 
	0.005 or 0.1 M HClO4
	~ 0.5
	1
	AgCl coated Ag
	69

	Au 
	2 mM NaBH4 in 0.02 M NaOH 
	∼ 6 µm
	∼ 8 µm
	Pd-H2
	61



4. Substrate preparation and environmental control in SECCM
A broad range of electrode materials can serve as a SECCM sample or substrate, ranging from single-and polycrystalline metals to more intricate forms such as screen-printed electrodes.16 An inherent strength of SECCM lies in its versatility, allowing for the utilisation of unconventional substrates such as TEM grids, semiconductors, and insulators, as well as exceedingly small entities like single-layer graphene, single-wall carbon nanotubes, and individual nanoparticles.79-81
One particularly popular method is so-called “pseudo-single crystal electrochemistry”, where individual crystallites (grains) are electrochemically interrogated on a polycrystalline foil or film, which is typically prepared by hand polishing, flame annealing82, 83 and/or acid cleaning84 followed by rinsing. For a smoother finish, vibratory polishing79, 85 or broad ion beam milling86 is used as the final additional step. Much like conventional ensemble analysis performed with macroscopic electrochemistry, particulate materials (e.g., microparticles or nanoparticles) can be deposited onto an electrochemically inert supporting surface (e.g., glassy carbon25, 26, 66, 87 or carbon-coated TEM grids77, 88, 89) via drop-casting. The use of carbon-coated TEM grids play a crucial role in identical-location atomic-scale characterisation, e.g., to study the early stages of palladium90 or platinum89 electro-deposition. Such an approach has also been used to study the mobility and poisoning of size-controlled Pt nanoclusters during the oxygen reduction reaction (ORR) in aqueous acidic media.77 Microgrids are additionally employed to enable the precise alignment of SECCM scan regions for subsequent identical-location (ex-situ) surface analysis. For example, attaching un-coated TEM grids91 and leaving a microgrid pattern using laser etching31, 85 have been employed to assist with co-location on substrates with complex surface structures.
As alluded to above, the properties of the substrate electrode are critical in determining the wetting and stability (confinement) of the SECCM droplet cell. Understandably, maintaining the stability of the droplet cell over the entire scan duration is critical to ensure the consistency of the acquired results, especially in keeping the measurement parameters from beginning to end. For example, in the hopping scanning mode, the area wetted by the droplet cell or its “footprint” determines the working electrode area probed during each individual SECCM measurement. The dimensions of the droplet footprint set a minimum bound on the hopping distance along both the X and Y directions during scanning and therefore ideally should be a known and stable value. A detailed analysis of the droplet footprint in relation to the probe size is conducted in Table 2.
It has been empirically observed that maintaining a relative humidity level of at least 60% is necessary to minimise droplet evaporation and instability concerns in SECCM with nanoscale probes.92 Early on, this was achieved by using a specialised sample holder configuration, where a moat or reservoir of either water or a saturated KCl solution1 immediately surrounded the sample substrate. While this has found success, it is recommended that regulating the humidity levels is better achieved by either using a humidified gas stream in an environmental chamber (vide infra) or through the use of a humidifier (either at the scale of the entire laboratory or just the Faraday cage enclosure). In any case, the primary purpose of these arrangements is to establish and sustain the desired humidity levels in the immediate surrounding of the SECCM droplet cell. An alternative approach is the application of a substantial layer of an inert oil,20, 93 most commonly dodecane, on top of the sample substrate (so called oil-immersed SECCM94). This strategy effectively aids in droplet cell confinement (particularly with electrolytes/surfaces prone to excessive surface wetting26) and preserves droplet stability during prolonged SECCM scanning.
Environmental control is most readily achieved through the use of custom-built environmental chambers,79 an example of which is shown in Figure 6a, where the substrate and probe tip are positioned within a polypropylene chamber.59 This type of chamber is easy to construct and is highly versatile, having been used with various types of gas, including (de)humidified N2, CO2, and, Ar to investigate a wide range of electrochemical reactions. For example, humidified N2 and CO2 gas streams were utilised to observe electrocatalytic reactions (i.e., the hydrogen evolution reaction and electrochemical CO2 reduction reaction, respectively) on polycrystalline Au and Cu electrodes, whilst maintaining the relative humidity above 60%. Dehumidified Ar was also utilised to study electrochemical reactivity of toroidal Li2O2 structures,95 serving the purpose of regulating both humidity and environmental (i.e., oxygen free) conditions. More recently, the entire SECCM configuration has been integrated into a glovebox environment, thereby facilitating enhanced precision in environmental control, specifically tailored for battery research (Figure 6b).74, 76, 96 Investigations have been mainly focused on moisture and oxygen sensitive negative electrodes, for example, characterising solid electrolyte interphase (SEI) formation and maturation on graphite76 and silicon-based74, 78 electrodes for use in Li-ion batteries.
[image: ]
Figure 6. Schematics of environmental control setup: (a) custom-built environmental chamber and (b) SECCM configuration installed in a glovebox.


5. Conclusions
This tutorial review underscores the pivotal role of SECCM as an emerging technology for electrochemical material characterisation and the study of single entities, finding widespread adoption among research groups globally. Despite the availability of details on instrumentation and instrumentation with this technique, the demand for practical guidelines, troubleshooting strategies, and a systematic understanding of applications and trends has become increasingly evident.
The tutorial successfully addresses these challenges by offering a detailed guide that focuses on key aspects of SECCM experimentation. The discussion encompasses critical elements such as instrumentation, probe fabrication, substrate preparation, and environmental control, providing an invaluable resource for researchers and practitioners, both new and experienced alike. Notably, the emphasis on instrumentation, coupled with its systematic approach to probe fabrication, distinguishes it as a vital reference for those entering the SECCM field. By shedding light on different strategies employed in probe fabrication, including insights into methodologies using CO2-laser pullers and capillary gravity-pullers, the review equips practitioners with a versatile toolkit. Furthermore, it gives full attention to troubleshooting strategies required during prolonged scans, typically related to substrate preparation, probe longevity and/or environmental control.
Ultimately, this tutorial review serves as a guiding beacon, empowering researchers with the essential knowledge and considerations necessary to carry out successful SECCM experiments. As SECCM continues to evolve, this review provides a foundational resource that not only captures the current state of the field but also charts a course for its future advancements.
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88.	G. Zhang, A. G. Güell, P. M. Kirkman, R. A. Lazenby, T. S. Miller and P. R. Unwin, Versatile polymer-free graphene transfer method and applications, ACS applied materials & interfaces, 2016, 8, 8008-8016.
89.	I. M. Ornelas, P. R. Unwin and C. L. Bentley, High-Throughput Correlative Electrochemistry–Microscopy at a Transmission Electron Microscopy Grid Electrode, Analytical Chemistry, 2019, 91, 14854-14859.
90.	Y.-R. Kim, S. C. Lai, K. McKelvey, G. Zhang, D. Perry, T. S. Miller and P. R. Unwin, Nucleation and aggregative growth of palladium nanoparticles on carbon electrodes: experiment and kinetic model, The Journal of Physical Chemistry C, 2015, 119, 17389-17397.
91.	N. P. Siepser, M.-H. Choi, S. E. Alden and L. A. Baker, Single-Entity Electrocatalysis at Electrode Ensembles Prepared by Template Synthesis, Journal of The Electrochemical Society, 2021, 168, 126526.
92.	C. L. Bentley and P. R. Unwin, Nanoscale electrochemical movies and synchronous topographical mapping of electrocatalytic materials, Faraday Discussions, 2018, 210, 365-379.
93.	Y. Li, Developing Oil-Immersed Scanning Electrochemical Cell Microscopy for Corrosion, McGill University (Canada), 2022.
94.	Y. Li, A. Morel, D. Gallant and J. Mauzeroll, Oil-Immersed Scanning Micropipette Contact Method Enabling Long-term Corrosion Mapping, Analytical Chemistry, 2020, 92, 12415-12422.
95.	M. Kang, P. Wilson, L. Meng, D. Perry, A. Basile and P. R. Unwin, High resolution visualization of the redox activity of Li2O2 in non-aqueous media: conformal layer vs. toroid structure, Chemical Communications, 2018, 54, 3053-3056.
96.	Y. Takahashi, T. Yamashita, D. Takamatsu, A. Kumatani and T. Fukuma, Nanoscale kinetic imaging of lithium ion secondary battery materials using scanning electrochemical cell microscopy, Chemical Communications, 2020, 56, 9324-9327.

image3.tiff




image4.tif




image5.png




image6.tiff
SECCM probe

N
mounted on z—plez& ‘
latex membrane

epoxy seal

(de)humidifed
gas IN

ele

Polypropylene chamber
(100 mL, @ = 6.5 cm)
on xy-piezo

silicone seal

(de)humidifed
gas OUT

2-way connector

BNC

FPGA-based

¢ feedthrough

efd:ter :
\ J

Glove box





image1.png
v
[ =
2
=
©
2
)
3
Q
Y
o
S
[}
o]
£
3
2

M United Kingdom
mUnited States
m China
uGermany
i Australia
M Japan
mFrance

Spain
iNew Zealand
milreland
muCanada
" Czech Republic
M Belgium
muSouth Korea
mNetherlands
=—Total





image2.tif
SECCM b
mapping

Sample

FPGA-based
DII\Q

preparation &
characterisation

and/or

SECCM probe
preparation &
characterisation

faraday cage

Alignment of the
probe with the
sample

passive damped optical table

SECCM ot
approach successful
e Cc optiacal
camera

| micro

SECCM scan

ositioner

°

amplifier ‘ ‘

Data process

Topography and
electrochemical
maps

positioner
Additional damping platform





