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              In situ  electrochemical scanning/
transmission electron microscopy 
of electrode–electrolyte interfaces 
      Raymond R.   Unocic      ,   Katherine L.   Jungjohann      ,   B. Layla   Mehdi      , 
  Nigel D.   Browning,       and   Chongmin   Wang       

       Insights into the dynamics of electrochemical processes are critically needed to improve our 
fundamental understanding of electron, charge, and mass transfer mechanisms and reaction 
kinetics that infl uence a broad range of applications, from the functionality of electrical 
energy-storage and conversion devices (e.g., batteries, fuel cells, and supercapacitors), 
to materials degradation issues (e.g., corrosion and oxidation), and materials synthesis 
(e.g., electrodeposition). To unravel these processes,  in situ  electrochemical scanning/
transmission electron microscopy (ec-S/TEM) was developed to permit detailed site-specifi c 
characterization of evolving electrochemical processes that occur at electrode-electrolyte 
interfaces in their native electrolyte environment, in real time and at high-spatial resolution. 
This approach utilizes “closed-form” microfabricated electrochemical cells that couple the 
capability for quantitative electrochemical measurements with high spatial and temporal 
resolution imaging, spectroscopy, and diffraction. In this article, we review the state-of-the-art 
instrumentation for  in situ  ec-S/TEM and how this approach has resulted in new observations 
of electrochemical processes.  

       Introduction 
 Characterizing dynamic electrochemical processes directly 
within the liquid phase and under realistic working condi-
tions has long been desired by researchers interested in under-
standing the nanoscale mechanisms and kinetics of interfacial 
electrochemical reactions. There has been signifi cant progress 
in the development of specialized electrochemical cells that 
can be used in conjunction with x-ray and neutron diff rac-
tion, scanning probe microscopy, Raman spectroscopy, x-ray 
absorption spectroscopy, and x-ray photoelectron spectroscopy 
techniques.  1   However, most of these techniques are limited in 
spatial and temporal resolution, and in the type of informa-
tion that can be extracted (e.g., lattice expansion, crystallogra-
phy, electronic structure, or surface chemistry). The scanning/
transmission electron microscope (S/TEM) on the other hand, 
has the advantage of several characterization modalities com-
bined in one instrument: high spatial and temporal resolution 
imaging, chemical analysis (electron energy loss spectroscopy 
[EELS] and energy dispersive x-ray spectroscopy [EDS]), and 
structure/phase identifi cation (electron diff raction).  2   

 Microfabricated electrochemical liquid cells designed spe-
cifi cally for S/TEM have enabled quantitative electrochemical 
measurements to be conducted simultaneously with detailed 
structural and chemical analysis in the technique termed  in situ 
e lectro c hemical scanning transmission electron microscopy 
(ec-S/TEM).  3 , 4   The breakthroughs in performing electro-
chemical experiments  in situ  resulted from development of 
small form-factor electrochemical cells and specialized  in situ
TEM holders with integrated electrical biasing contacts, see 
Figure 1 a . Microfabrication techniques, standard to the semi-
conductor industry, provide methods for fabricating paired 
microchips that support mechanically and chemically robust, 
electron-transparent Si 3 N 4  viewing membranes for imaging, see 
 Figure 1b .  5 – 7   Additional features such as working, counter, and 
reference electrodes with lithographically patterned  spacers 
(e.g., SU-8 photoresist or gold) provide electrical circuitry and 
isolation, respectively, for electroanalytical measurements with 
electrode connection to an external potentiostat.  

 Modern  in situ  S/TEM holders include integrated micro-
fl uidic tubing connected to an external syringe pump for 
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controlled delivery and flow of electrolytes, whilst earlier 
designs used a syringe to introduce electrolyte into an etched 
entry port between the chips for static fluid experiments. To 
form the electrochemical cell, paired microchips (electro-
chemical and spacer microchips) were either glued, wafer 
bonded, or clamped together, and then placed within the 
holder. While the overall size scale, geometric electrode lay-
out, and electrode material selection have evolved over time, 
the basic design concepts have remained the same. For the 
development of any new technique, it is important to bench-
mark capabilities; several studies8–10 have demonstrated the 
feasibility of performing electroanalytic measurements such 
as cyclic voltammetry (CV), chronoamperometry, and elec-
trochemical impedance spectroscopy within these microfab-
ricated electrochemical cell, examples of which are shown in 
Figure 1c for a [Fe(CN)6]3–/4– redox couple.

Electrodeposition: Nucleation and growth 
mechanisms
The motivation for the development of in situ ec-S/TEM 
was to study the mechanisms of Cu electrodeposition for 

integrated circuits. The earliest in situ electrochemical experi-
ments clearly demonstrated the power of this technique, as in 
the case of directly imaging Cu nanoparticle nucleation and 
growth during galvanostatic electrodeposition from a CuSO4 
electrolyte.6 Individual nanoparticle growth kinetics were 
 correlated with current-time transient measurements through 
time-resolved TEM imaging with nanometer-scale resolution 
and results were compared with well-established theories of 
diffusion-limited nanoparticle growth to better understand the 
nanoparticle growth mechanisms.11

Similar studies have followed, such as the electrochemical 
deposition of metals in situ, to obtain new insights into the 
factors that control morphological changes at the electrode/
electrolyte interface.12–14 For example, the electrodeposition of 
Ni thin films from an aqueous NiCl2 electrolyte was found to 
be the result of anisotropic nucleation of Ni crystals ahead of 
the growth front,15 and growth instabilities at the solid-liquid 
interface resulting in planar or dendritic growth were found 
to be dependent upon the magnitude of potential changes 
(Figure 2),16 electrolyte concentration,17 and chemical addi-
tives.18 Furthermore, STEM imaging as opposed to TEM, 

 Figure 1. (a) Assembly view of an in situ ec-S/TEM holder. The electrochemical and spacer microchips are sealed within the tip of the 
holder and encapsulate a thin layer of electrolyte that is delivered to the cell via microfluidic tubing (not shown). (b) Scanning electron 
microscope images of the electrochemical and spacer microchips. The microfabricated electrochemical chips contain coplanar 
working (WE), reference (RE), and counter electrodes (CE) that interface with an external potentiostat via electrical biasing wires and Pt 
microelectrode biasing contacts. The spacer microchip contains a spacer layer that is used to control the electrolyte layer thickness. 
(c) Examples of typical electroanalytical measurements (cyclic voltammetry, chronoamperometry, electrochemical impedance spectroscopy) 
performed using the in situ ec-S/TEM system for a [Fe(CN)6]3−/4−redox couple.8
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can be used to chemically map ion concentration gradients 
to improve understanding of diffusional processes at evolving 
electrochemical interfaces.16 It is worth noting here that these 
few examples present a nanoscale view of nanoparticle and 
dendrite growth mechanisms, which could not otherwise have 
been observed with any other experimental method.

Electrochemical energy storage
Rechargeable batteries represents one of the major energy-
storage solutions for mobile and stationary applications. 
In a simplistic view, the operating principle of rechargeable 
batteries relies upon the reversible shuttling of ions via the 
electrolyte between the anode and cathode during charge and 
discharge cycling. One of the central goals for rechargeable 
battery research is to establish the direct correlation between 
electrochemical battery performance and structural/chemical 
evolution of electrode–electrolyte interfaces during cycling. 
The in situ ec-S/TEM technique has greatly impacted energy 
storage research by enabling studies of the solid electro-
lyte interphase (SEI) formation, Li metal dendrite growth, 

interfacial reactions in metal-air batteries, and phase changes 
during ion intercalation, alloying, or conversion reactions.

The SEI is a passivating interfacial film that forms as a 
consequence of interfacial reactions between the electrode and 
electrolyte19–21 and is critical to the performance of recharge-
able batteries. A better understanding of SEI formation 
mechanisms and film evolution is essential for tailoring better 
batteries with improved cycling durability and performance. 
Silicon is a representative anode case that involves Li+ ion 
alloying-induced volumetric changes and provides an oppor-
tunity to monitor the response of the SEI to electrode volu-
metric changes, which was studied with in situ ec-S/TEM.22 
Correlation between the electrochemical properties with Si 
volume change upon lithiation (Li alloying) was reported; 
however, the SEI film observation was not achieved due to 
imaging spatial resolution limitations through the electrolyte. 
With an improved cell design, SEI formation on graphitic23 
and Ti24 anodes were observed.

Remarkably, EDS has been used to reveal the chemi-
cal composition of the SEI layer (C, O, and F); electron 

Figure 2. Scanning transmission electron microscopy imaging of repeated Pb dendrite growth and collapse during electrochemical cycling 
from a Pb(NO3)2 electrolyte on a Au working electrode. (a–f) and (g–1) are taken from consecutive cycles, with the individual frame times 
indicated on the current-voltage and region of interest (ROI) and global intensity plot below. Reprinted with permission from Reference 16. 
© 2012 American Chemical Society.
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nanodiffraction analysis revealed the existence of LiF nano-
crystals in the SEI layer,24 which was further confirmed by 
subsequent studies.25,26 In situ high-spatial-resolution TEM 
imaging, coupled with real-time quantitative electrochemis-
try, was also performed, which tracked SEI formation on a 
Au working electrode using a standard LiPF6-ethylene car-
bonate/dimethyl carbonate (EC/DMC) organic electrolyte and 
revealed that the SEI film was not uniform, but instead fol-
lowed the Li dendrite morphology.27 The thickness and den-
sity of the SEI layer as a function of sweeping potential has 
also been studied, revealing that the SEI was approximately 
twice as dense as the electrolyte based on quantitative imag-
ing analysis, which informs the true nature of the SEI layer in 
structure and chemistry.28

Unraveling Li dendritic growth 
mechanisms using in situ ec-S/TEM 
has also been pursued in the past few 
years. Metallic anodes, such as Li, have 
a much higher capacity, yet during 
operation, metal stripping and redepo-
sition typically occurs nonuniformly, 
resulting in dendrite growth upon 
repeated cycling. Lithium dendrites 
are known to cause short-circuiting 
between the anode and cathode, lead-
ing to battery failure. The dynamic pro-
cesses of lithium dendrite growth and 
electrolyte decomposition in the elec-
trochemical lithiation and delithiation 
of Au anodes from a commercial LiPF6-
ethylene carbonate/diethyl carbonate 
(EC/DEC) electrolyte has been reported 
in one study.26 In this work, Li dendrite 
growth and dissolution was monitored 
to understand the formation of “dead” 
Li that is detached from the electrode 
during cycling. Considering the low 
volumetric density of Li metal, inter-
preting the contrast difference between 
the SEI layer and Li metal deposition 
can be challenging. As previously men-
tioned, S/TEM imaging can be used to 
clearly distinguish changes in chemical 
composition. Since the Li metal density 
is below that of the surrounding elec-
trolyte and the Si3N4 windows, a con-
trast reversal is observed for Li metal 
between high-angle annular dark-field 
(HAADF) and bright-field (BF)-STEM 
images, allowing Li to be identified 
from Li-containing compounds.29–32

Li nucleation, growth, and shrinkage 
in a confined liquid cell also depends on 
the overpotential; Li growth can occur 
either at the dendrite base or tip.33 The 

presence of trace amounts of H2O, at the ppm level, yields 
clear morphological changes in the Li dendrites, as shown in 
Figure 3.34 These observations further demonstrate that the 
rate of SEI formation can control Li growth either from the 
base or tip, with the former linked to an intermittent growth, 
leading to kinked segments of a nearly constant diameter Li 
dendrite. More globular and faceted morphology of Li den-
drites28 appear to be consistent with ex situ cryogenic-TEM 
observations,35,36 where Li dendrites in carbonate-based elec-
trolytes grew along the [111], [110], or [211] directions as 
 faceted, single-crystalline nanowires.35

Metal-air batteries, typically metallic anode (Li+, Na+, and 
K+) paired with O2 and the cathode, represent another category 

Figure 3. (a) Cyclic voltammograms obtained from an operando ec-S/TEM cell showing 
charge-discharge cycling from a Pt electrode in 1M LiPF6 in propylene carbonate 
electrolyte with 10 and 50 ppm additions of H2O. (b–d) Bright-field (BF) images showing the 
deposition/stripping of Li for the electrolyte without additives (i.e., 10 ppm residual H2O), 
(b) at the start of the deposition, (c) at the peak of the deposition, and (d) after discharge is 
completed. (e–g) BF images showing the same for the electrolyte containing an addition of 
50 ppm H2O.34
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of high-capacity electrochemical energy-
storage systems for which in situ ec-S/
TEM experiments have been conducted. 
These systems are highly complex as 
the principal operation of metal-air bat-
tery is based on the reversible formation 
and oxidation of their discharge products 
(e.g., lithium peroxide Li2O2 [Li-O2 bat-
tery] and NaO2 [Na-O2 battery]) at the 
cathode surface. However, the forma-
tion of these main interfacial discharge 
products is not yet fully understood and 
involves multistep reactions taking place 
both in solution as well as at the elec-
trode/electrolyte interface. For example 
in the Na-O2 system, the formation of 
highly soluble NaO2 cubes during reduc-
tion is a solution-mediated nucleation 
process, while the previously unknown 
oxidation of NaO2, was found to proceed 
via a solution mechanism.21 On the other 
hand the Li-O2 system, exhibits signifi-
cant challenges which limit their appli-
cation such as low rate capacity, limited 
charge-discharge cycling due to decom-
position of both the electrolyte and the 
electrode materials during the oxygen 
reduction and evolution, and poor solubility of Li2O2 as the 
main discharge product. This leads to increased overpotential 
and fast capacity fading during cycling.37

Cathode structural stability and cathode-electrolyte inter-
faces may be explored using a combination of electron diffrac-
tion, EELS, and imaging. Electron diffraction tomography can 
be used to determine the atomic coordinates, site occupancies 
(including lithium occupancy), and cell parameters of LiFePO4 
cathode during electrochemical cycling in a liquid electro-
lyte.38 Similarly, Li-ion transport kinetics and degradation 
mechanisms in LiFePO4 particles were studied during charge/
discharge cycling, leading to in situ determination of the lithia-
tion state for a LiFePO4 electrode and the surrounding aqueous 
electrolyte in real time, with nanoscale resolution imaging.39

Electrocatalysis
Fuel cells are an important energy-conversion technology 
that uses electrocatalysts for the cathodic oxygen reduction 
reaction and anodic hydrogen oxidation reaction to generate 
electrical energy. To better design electrocatalysts with high 
activity, selectivity, and durability, an understanding of how 
the catalysts behave during operation is needed. Catalyst 
dissolution, coarsening, dealloying, reshaping, and support 
corrosion can lead to a decline in performance.40 Direct obser-
vations of the coarsening behavior of a Pt-Fe electrocatalyst 
were linked to the cell potential via CV measurements in 
0.1M HClO4 at 10 mV/s.41 Electrochemical potential cycling 
of carbon-supported Pt-Ni electrocatalysts in 0.1M HClO4, 

for multiple CV cycles and between voltage ranges up to 1.4 
VRHE, revealed new observations of electrocatalyst coales-
cence, Ni-rich particle dissolution, carbon support corrosion 
and overall morphological changes, as shown in Figure 4.42 
These studies enabled new insight regarding electrocatalyst 
degradation mechanisms in situ ec-S/TEM.

Materials degradation
Corrosion is the most prominent degradation mechanism in 
metals, with widespread impact on our economy in terms of 
infrastructure, transportation, aerospace, and energy harvest-
ing.43 The scientific need for a fundamental understanding of 
corrosion initiation mechanisms is high; however, the experi-
mental techniques required to extract quantitative structural 
and compositional information from nanoscale solid–liquid 
interfaces are limited. In situ liquid-cell and ec-S/TEM capa-
bilities3 have recently been used to investigate metal solid–
liquid interfaces to provide insights into the characteristics of 
localized corrosion. S/TEM imaging provides a simultaneous 
view of grains and grain boundaries in metals,44 as these are 
the dominant microstructural features that influence the initia-
tion sites of localized corrosion.

An example is shown in Figure 5, where BF STEM images 
capture the loss of cementite grains in an iron matrix during 
exposure of 1018 low-carbon steel to a 5 ppm H2S aqueous 
solution. These in situ S/TEM studies identified many com-
mon corrosion characteristics that link nanoscale observations 
to bulk corrosion behavior. Corrosion phenomena observed 

Figure 4. High-angle annular dark-field (ADF) scanning transmission electron microscopy 
in situ imaging of the catalyst structure during electrochemical potential cycling between 
0.0 and +1.0 VRHE in 0.1 M HClO4 for 20 CV cycles with 100 mV s−1 sweep rate. (a) Potential 
profile over time with marked points corresponding to the images below. (b–g) A Ni-rich 
particle marked by the arrow disappears during cycling, first becoming less dense, then 
spongy, and finally dissolving completely. (h) ADF intensities of the Ni-rich particles over 
time during potential cycling and (i) the resulting Ni dissolution rate. Reprinted with 
permission from Reference 42. © 2019 Royal Society of Chemistry.
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using in situ S/TEM include fractal patterns,45–49 blisters,46,47 
dealloying at grain boundaries,50 inclusion dissolution,51 pits,47 
galvanic coupling,52 and stress-corrosion cracking.53 New 
microelectromechanical designs allow for quantitative in 
situ S/TEM of coupled electrochemical and mechanical pro-
cesses,54 such as stress-corrosion cracking. Static solution or 
microfluidic capabilities can be designed into the corrosion 
experiments, depending on the specimen holder design or 
epoxy-sealed platform used. Microfluidic control over the cor-
rosive solution allows for rapid changes in solution chemistry 
as well as the evacuation of the solution to provide reduced 
background noise for compositional mapping. Additionally, 
information regarding the corrosion rate, specimen thickness 
changes,52 and corrosion product species51 can be identified 
using in situ S/TEM. Although the electron beam is known 
to significantly impact the pH and chemistry of the corrosive 
solution, mitigation strategies can reduce this impact, though 
generally the impact of the beam limits the spatial resolution 
for imaging to the nanoscale.

Corrosion can also be controlled using ec-S/TEM for elec-
trochemical analysis of the reaction.51 Careful attachment of 
the specimen to an electrode is required for ec-S/TEM, but this 
could introduce a known artifact arising from the possible gal-
vanic coupling between the specimen and electrode. The gal-
vanic coupling may drive the corrosion reaction of two materials 
in contact that have different electronic potentials.52 Specimens 
designed for electron transparency will be susceptible to this 
effect; therefore, overcoming this artifact must be designed into 
the specimen attachment protocol for electrochemical contact.51 
In situ ec-S/TEM studies of battery electrodes have visualized 
corrosion events, or self-discharge of metal deposits, that may 
arise due to this galvanic coupling artifact.32 Future in situ ec-S/
TEM and corrosion studies will benefit from (1) improved spec-
imen preparation methods that reduce artifacts and improve 
electrical connections,55 (2) the addition of temperature control 
to the solution,56 and (3) high-speed chemical analysis from the 
solid-liquid interface during the reaction.57

Mitigating electron-beam-
induced artifacts
The influence of the electron beam 
poses another challenge that some-
times causes undesirable beam–matter 
interactions such as radiolysis, electro-
lyte degradation and redox reactions.58 
Understanding these effects is impor-
tant for in situ ec-S/TEM experiments, 
and strategies to mitigate e-beam arti-
facts such as low-dose imaging have 
been reported.59,60 Specific to organic 
electrolytes used in Li-ion batteries 
(LiPF6 in EC/DMC), it was reported 
that imaging with the electron beam 
can break down the solvent into gas-
eous products and the LiPF6 to LiF. 
Additionally, the SEI layers were found 

to be sensitive to high-energy electron beams.61 Strategically, 
the use of scavenger species that react with solvated electrons 
has been demonstrated to be a viable approach for mitigating 
possible modification of electrochemical processes by imag-
ing with the electron beam.62 On the other hand, effects of the 
electron beam on the electrochemical process itself remain 
largely unknown. Some calibration experiments indicate that 
the electron beam may not significantly modify the electro-
chemical process,8,39 but more detailed studies are needed.

Improved cell design and quantitative 
measurements
Another major gap that currently exists for the in situ 
ec-S/TEM technique is replication of bulk  electrochemical 
testing.63 This gap is inherent to the microfabricated 
 electrochemical cells that have the requirements to fit within 
the small pole piece gap of the TEM (typically several mil-
limeters). By miniaturizing the electrochemical cell diffusion 
profiles, the current distribution and electric field gradients 
become different from those of bulk tests due to the limited 
electrolyte volume (with thickness less than a micron), micro-
electrode size-scale, and geometrical layout.64 Typically, two 
or three coplanar microelectrodes are microfabricated in 
either a linear or concentric configuration, which is a sig-
nificant deviation from stacked electrodes used in bulk coin 
cells for batteries, as an example. The electric-field distribu-
tion on the working electrode is influenced by the relative 
positioning of the electrodes in the cell, where a nonuniform 
electric field gradient may lead to localized hot spots, that 
can subsequently drive localized electrochemical reactions.29 
Electrolyte concentration can also vary during a reaction, and 
therefore, careful design of experiments under electrolyte 
flow versus static conditions needs to be determined, since 
this will affect the electrochemical data. These compounding 
issues may lead to significant differences that need to be fully 
understood in order for the electroanalytical data to be ana-
lyzed and interpreted properly.

Figure 5. In situ scanning transmission electron microscopy corrosion of 1018 low-carbon 
steel in a 5 ppm H2S aqueous solution, identified the preferential loss of cementite from 
the iron matrix, with an overall conversion of the lamella into an iron oxide corrosion 
product. (b) Showcases the development of two galvanic reactions, the top rectangular 
box encloses the preferential reaction between the Pt/C coating against the steel, and the 
bottom box indicates the removal of cementite from the ferrite matrix.
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Figure 5. In situ scanning transmission electron microscopy images showing the corrosion of 1018 low-carbon steel in a 5 ppm H2S aqueous solution, identifying the preferential loss of cementite from the iron matrix, with an overall conversion of the lamella into an iron oxide corrosion product. (b-d) Showcases the development of two galvanic reactions, the top rectangular box encloses the preferential reaction between the Pt/C coating against the steel, and the bottom box indicates the removal of cementite from the ferrite matrix.
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Summary
In situ ec-S/TEM has been shown to be a powerful high- resolution 
method that provides unique insights into dynamically evolving 
electrochemical reactions at electrode-electrolyte interfaces. 
This technique has already had impact on diverse fields, includ-
ing electrodeposition, energy-storage, catalysis, and liquid-phase 
corrosion. Emerging S/TEM capabilities focused on increased 
signal content (spatial and temporal resolution, sensitivity) for 
lower dose imaging,65 increased accessibility for signal detec-
tion at high resolution,66 advanced spectroscopy and diffraction 
methods,67 coupled with platform developments for improved 
environmental control, microfluidic exchange, and specimen 
stability, promise to expand the applications of these methods 
even further in the near future. While the inherent physics and 
chemistry of both the imaging mechanism and sample process 
being observed may never allow us to achieve the same routine 
resolution afforded by aberration-corrected S/TEM observa-
tions of electron-beam stable materials under high-vacuum con-
ditions, the correlated imaging, diffraction, and spectroscopy 
observations obtained from in situ experiments will continue to 
provide unique insights into key phenomena, and a fundamental 
basis for improved simulations, predictive modeling and process 
design for next-generation energy-storage, electrocatalytic, and 
corrosion-resistant materials.
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