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Electrochemical Liquid Phase TEM in Aqueous Electrolytes
for Energy Applications: the Role of Liquid Flow

Configuration

Katarzyna Bejtka, Marco Fontana,* Cecilia Irene Gho, Stefan Merkens, Andrey Chuvilin,

Candido Fabrizio Pirri, and Angelica Chiodoni

Electrochemical liquid phase transmission electron microscopy (EC-LPTEM) is
an invaluable tool for investigating the structural and morphological properties
of functional materials in electrochemical systems for energy transition.
Despite its potential, standardized experimental protocols and a consensus on
data interpretation are lacking, due to a variety of commercial and customized
electrical and microfluidic configurations. Given the small size of a typical
electrochemical cell used in these experiments, frequent electrolyte renewal

is crucial to minimize local chemical alterations from reactions and radiolysis.
This study explores the effects of modifying the flow configuration within the
liquid cell under experimental conditions relevant for energy applications in
aqueous-based electrolytes, revealing how changes in mass transport dynamics
drastically influence the electrochemical response of the cell. Two different
cell designs are compared: convection- and diffusion—governed. Ex situ and

in situ comparative flow experiments show that the diffusion cell mitigates
gas bubbles formation and improves removal of gaseous products. The
electrodeposition of Zn nanostructures and the characterization of a Cu-based
catalyst are presented as proof-of-concept experiments for energy storage

and CO, reduction reaction (CO2RR) applications, respectively. The reported
findings demonstrate that controlling mass transport in the liquid cell setup
is crucial to obtain reliable operando experimental electrochemical conditions.

1. Introduction

In recent years, transmission electron
microscopy (TEM) in liquid environ-
ment with controlled liquid flow has
become possible through the develop-
ment of specific TEM holders based on
a miniaturized liquid cell, directly ex-
posed to the electron beam.[!) The dra-
matic improvement in micro and nano
fabrication techniques has led to lig-
uid phase TEM (LPTEM) holders with
multiple functionalities, such as mix-
ing different solvents, temperature con-
trol, electrochemical stimulation.[*] In
fact, these features open, in principle,
a broad range of exciting investigation
possibilities for fundamental as well as
applied research, allowing direct materi-
als imaging and correlated characteriza-
tion of chemical and physical properties
at the nanoscale in liquid environment.
However, LPTEM poses many experi-
mental challenges, since the liquid envi-
ronment is responsible for resolution de-
crease and loss of contrast in TEM/STEM
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imaging and electron diffraction!**! compared to the vacuum en-

vironment. Moreover, the interaction between the electron beam
and the liquid in the cell gives rise to unwanted side chem-
ical reactions,® local pH and pOH variations!”! and bubbles
formation,®! especially in aqueous solutions. Notwithstanding
the afore-mentioned limitations, liquid cell TEM can have a dra-
matic impact in studying electrochemically-driven phenomena
at the nanoscale, by making use of the electrochemical func-
tionality developed in LPTEM holders. This technique is usu-
ally referred to as in situ electrochemical liquid phase TEM (EC-
LPTEM). With this particular experimental set-up, it is possible
to perform electrochemical experiments in a three-electrode con-
figuration (working electrode WE, counter electrode CE, refer-
ence electrode RE) with simultaneous TEM/STEM characteriza-
tion over the electron-transparent WE region with a flowing elec-
trolyte.

Li-based batteries have been benefiting a lot of this innovative
characterization approach and the first commercial technological
solutions have been optimized to match the experimental need in
this scientific framework.l°'2! In more recent years, electrocatal-
ysis has been raising a lot of interest and the experimental set-up
has been adapted to match the different experimental needs as
well.[13]

Among the various possible electrochemical applications, cat-
alytic reactions for energy transition (hydrogen evolution reac-
tion (HER), carbon dioxide reduction reaction (CO2RR), oxygen
reduction reaction (ORR), oxygen evolution reaction (OER)) have
been extensively studied in recent years, due to the growing im-
pact of the global energy issue. EC-LPTEM studies could provide
deeper understanding of the fundamental mechanisms involved
in the mentioned energy-related reactions, resulting in rationally
designed catalysts with increased catalytic activity, selectivity and
stability.['* In the context of catalysis, one of the main chal-
lenges is to understand the morphological, structural and chem-
ical modifications involved in the activation of the as-prepared
catalyst, which can be in the form of inactive pre-catalyst,!"*] or
more in general variations of the surface structure, amorphiza-
tion processes, formation or loss of defective sites, dissolution
and/or precipitation phenomena. It is also important to recog-
nize whether these modifications occur during the first stages of
the catalytic activity or after an extended period of time, affect-
ing the stability and durability of the catalyst.['®!7] Most of these
reactions involve the use of water-based electrolytes, due to high
ionic conductivity and reduced costs coupled with their safety,
low toxicity and environmental friendliness, according to green
chemistry principles.[*8!

As mentioned above, besides catalytic applications, in situ EC-
LPTEM has also been applied in the broad field of energy stor-
age, particularly in the context of electrochemical batteries.['%] Re-
search studies are needed to clearly correlate the effect of crystal
structure, particle aggregation and agglomerate size on the elec-
trochemical properties. These properties are probed during the
electrochemical stimulation in order to understand their corre-
lation and dynamical evolution. The information obtained from
these studies can be of high importance for designing energy
storage systems with higher energy and power densities coupled
with excellent stability.?"] It is foreseen that the gold-standard
lithium-ion battery will compete with aqueous batteries (with
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water-based electrolytes) generally regarded as safe, reliable and
affordable.?!]

It has been demonstrated till now how the mentioned ap-
plications for energy transition can benefit from this chal-
lenging characterization approach. For all of them, there are
some specific key aspects that characterize EC-LPTEM experi-
ments: i) the evolution of chemical species (gas/liquid) at the
WE (on the electron-transparent viewing window), ii) the evo-
lution of reaction products at the CE when it experiences po-
larization, iii) radiolysis products generated by the electron
beam.[?%]

All the afore-mentioned effects dynamically alter the
(electro-)chemical framework inside the miniaturized liquid
cell, diminishing the experimental control and limiting the inter-
pretation of the experimental results. Mitigation of these effects
thus is a crucial task to advance EC-LPTEM into a quantitative
and reliable technique.

Since radiolysis effects are driven by the electron beam, pos-
sible mitigation approaches rely on minimizing the electron
dose.l?3] The evolution of chemical species at the WE and at the
CE is primarily driven by the electrochemical conditions; conse-
quently, mitigation strategies may rely on a reaction-dependent
fine tuning of the electrochemical testing conditions. Moreover,
efficient solution renewal, based on optimized design of the
miniaturized liquid cell is a comprehensive mitigation strategy
for both radiolysis(?*! and electrochemical effects. The implemen-
tation of mitigation strategies is of paramount importance, es-
pecially in aqueous electrolytes, which usually involve the water
splitting reaction (as main or side reaction) at the electrodes inter-
face. For example, in CO2RR studies, this is a typical side reaction
arising when the WE is kept at negative potentials versus RHE,
which causes the formation of H, and O, at the WE and CE re-
spectively from water.!?>] Once the concentration of these gaseous
products exceeds the solubility limit in water, gas bubbles are
formed. Due to the limited (nanoliters to microliters range) vol-
ume of the liquid cell, the formation of gas bubbles quickly causes
dewetting of the WE and ultimately causes the cell filling with gas
which, in most of the cases, leaves a very thin electrolyte layer
(< 50 nm) on the catalyst surface.l?®) While this phenomenon
can be used to momentarily enhance the TEM resolution in spe-
cific situations,|#’! it is under debate whether the electrochemical
stimulation in the so-called “thin electrolyte” condition is actually
comparable to a “bulk” electrolyte condition. Severe bubble for-
mation is observed when negative or positive potential, depend-
ing on the reaction of interest, are applied over certain limits. As
an example, at potentials which are relevant for operando studies
of CO2RR, impacting bubble formation is observed with poten-
tials more negative than —0.2 V versus RHE, therefore limiting
the capabilities of the technique for this particular application,
to the “thin electrolyte” condition.[?®! Thus, efficient removal of
gaseous and liquid species may be regarded as the crucial chal-
lenge to advance from in situ to operandol?! approach.

Solution renewal, and therefore gaseous / liquid species re-
moval, and provision of the fresh electrolyte, is driven by a com-
bination of diffusion and convection, with the dominant mass
transport mechanism depending on the microfluidic geometry.
Specific architectures of EC-LPTEM holders may favor one mech-
anism over the other.
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Figure 1. Exploded view of the electrochemical cell used to perform the EC-LPTEM experiments. On the left side, the two small chip designs tested in
the present work (standard and diffusion). On the right side, the glass and the silicon large top chips are shown, which were used in this work for ex situ

and in situ experiments, respectively.

In the “direct flow” systems the liquid flow is directed across
the imaging area, local flow velocities up to 5-1072 ms™! were
demonstrated, thus maximizing convective solution renewal.l*]
Such high flow velocities are, however, not always desired as
they might lead to: i) increased operating pressure gradients
ii) detachment of the sample from the viewing window, iii)
detrimental effects during either imaging or electron diffraction
acquisitions.[3%]

In the so-called “bathtub” design, in which a MEMS-based lig-
uid flow cell is embedded into an oversized cavity leaving space
for the fluid to bypass the nanochannel inside the cell, the domi-
nant mechanism is diffusion.[*!] It was demonstrated that the so-
lution renewal dynamics in the central part of the viewing area,
which is where in the EC applications the WE is positioned, can
be as slow as tens of minutes,[*!) as a consequence of the large
diffusion length.

The importance of diffusion for solution exchange was under-
lined in the literature with focus on the necessity for short dis-
tance between reservoirs of fresh solution (decreasing the diffu-
sion length) to the viewing area.l??] Recently, the diffusion cell con-
cept was introduced, demonstrating enhanced solution renewal
in the viewing area in this novel design, while avoiding high local
flow velocities across the WE/viewing window, which could lead
to unwanted sample removal.33]

In the diffusion cell geometry, an on-chip bypass channel is in-
serted in the small chip, while keeping the electron-transparent
viewing window on an elevated “island” in the center of the cell
(see Figure 1). In this way, the characteristic time-scale of solution
renewal is reduced in the viewing area, without the possible detri-
mental effects observed when applying high flow rates for the
same purpose, since the contribution from convection is mainly
confined outside the viewing area. This design influences mass
transport conditions, enhancing diffusion in the viewing window
and confining convective flow outside the viewing window.

In this work, we systematically investigate the implica-
tions of the diffusion cell concept for EC-LPTEM experi-
ments in aqueous electrolyte, in conditions which are rel-
evant for applications related to the energy transition. The
role of the liquid flow configuration is carefully examined,
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by means of specifically-designed EC-LPTEM experiments
supported by predictions from fluid-dynamics numerical
models.

Two different microfluidic cell concepts are studied: i) the stan-
dard nano-cell with planar geometry and ii) the diffusion cell with
on-chip by-pass channel.

We particularly focus on the capability of reaction prod-
ucts removal from the electrochemical cell, taking into con-
sideration the viewing area (WE region) and the CE region.
The practical goal is to demonstrate an extended potential
range for electrochemical experiments in aqueous electrolyte
without significant accumulation of gas bubbles and indi-
rectly efficient provision of fresh electrolyte. In the context
of energy transition, we selected CO, electroreduction and
rechargeable Zn-air batteries experiments to show the im-
proved experimental control due to the optimized experimental
set-up.

2. Results and Discussion

The performance of the diffusion cell for electrochemical ap-
plications was evaluated and compared to the standard con-
figuration through a series of comparative flow experiments.
In order to validate potential benefits of the modified cell de-
sign for different in situ / operando EC-LPTEM experiments,
tests were conducted using both Pt and glassy carbon work-
ing electrodes. No additional catalytic material was involved in
these experiments since the aim is to investigate the response
of the liquid cell to electrochemical stimulation regardless of
the specific material under study. This is particularly relevant
since in most practical experiments the majority of the WE
area is not totally covered by the catalyst, especially in those
cases where the catalysts are drop-casted on the WE prior to the
experiment.l3+3]

Regarding gas bubble formation, it is important to further
stress on the fact that gaseous reaction products are not solely
generated at the WE but also at the CE during electrochemical
experiments. Therefore, it is important to monitor the gen-
eration of gaseous products over the whole cell. However, in

© 2024 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 2. a) CVs inthe range —1.2V to O versus Pt (standard configuration) and b) —1.8 V to 0V versus Pt (optimized configuration) with 1200 uL h~' flow
rate. Optical microscopy images are provided, extracted from the videos acquired during electrochemical stimulation for the standard c) and optimized

d) cell. The scale bar is 200 pm.

situ TEM experiments provide direct information only from
the WE that is placed in the electron-transparent region. The
CE is unfortunately out of view. To have a clear view of the
whole cell during electrochemical stimulation, ex situ com-
parative flow experiments were conducted using customized
optically-transparent glass chips (Figure 1). The glass chips share
the same size and electrode design as the standard silicon large
chips, with a three platinum electrodes configuration. The choice
of platinum as electrode material was particularly appropriate
for these experiments, because it maximizes the production of
gaseous H, at the WE,*%] allowing for easier comparison of the
performance of the different flow configurations under the opti-
cal microscope. The full investigation of the cells with both the
standard and the modified small chips was performed at three
different flow rates (300, 1200, and 2500 pL h™') of the 0.1 M
KHCO,; aqueous electrolyte, which was previously saturated
with CO,.
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2.1. Ex Situ Comparative Flow Experiments

Figure 2 provides a direct visualization of the liquid cell response
to the electrochemical stimulation at potentials which are rele-
vant for energy applications. Thanks to the optically-transparent
glass large chips, images and videos of the WE, RE and CE were
obtained by optical microscopy. Based on the optical images, the
main difference between the two cell geometries is immediately
clear. In the standard configuration, the three electrodes all lie
in the nanochannel, whose thickness is defined by the 500 nm
spacer on the large chip and by the 150 nm spacer of the small
chip (total thickness 650 nm). In the diffusion cell configura-
tion, the WE is placed on the electron-transparent “island” in the
nanochannel, while the RE and CE are in the by-pass channel
(which is 10 um thick). Since the electrolyte volume in the di-
rect proximity of the CE is more than one order of magnitude
larger in the modified configuration than in the standard one, it is

© 2024 The Author(s). Small Methods published by Wiley-VCH GmbH
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expected that the cell would be able to sustain a stronger pro-
duction of gaseous reaction products at the CE before the
solubility limit is reached and bubbles start forming. This
may also partially be true for the WE: although it lies in
the nanochannel, the “island” is only 50 pm wide, while
the region nearby (part of the by-pass channel) provides a
higher volume of electrolyte, possibly facilitating bubble dis-
solution. Finally, based on previously published numeric con-
vection diffusion simulations, the optimized configuration en-
hances convective mass transport in the on-chip bypass chan-
nel, which results in a more efficient removal of gas and lig-
uid products promoting renewal of solution (also in the central
nanochannel).33]

The behavior of the standard flow configuration with
1200 pL h~! flow rate during cyclic voltammetry at potentials
between 0 V and —1.2 V versus Pt is shown in the Movie S1
(Supporting Information), while significant frames are reported
in Figure 2c. As can be observed, the bubble formation phe-
nomenon begins at the counter electrode interface at = -1 V
versus Pt, where gaseous O, is produced. Since the CE is im-
mersed in a sub-micrometer-thick layer of electrolyte, the sol-
ubility limit is easily reached and bubbles are formed. It is ob-
served that the bubbles are not efficiently removed, instead they
coalesce and continue to expand. At more negative potentials,
they also merge with the bubbles formed by the H, produced
at the WE, forming a gas chamber at —1.2 V versus Pt which
does not disappear immediately when the potential is set back
to Open Circuit Potential (OCP, “after CV” in Figure 2). This
behavior is reflected also by the CV curves (Figure 2a), show-
ing unpredictable measured values of the current. After the last
voltammetry cycle, the cell requires almost 10 min to completely
recover the liquid electrolyte. It must be stressed that a similar
behavior is observed at 1200 uL h™! and 2500 uL h~' flow rates,
in the same range and also when the tests are performed in a
wider potential range (enlarging the potential window to more
negative potentials). At the flow rate of 300 uL h™!, the bub-
bles are not efficiently brought away, and they keep expanding
already during the test in the range between 0 V and —-1.0 V
versus Pt.

Differently from the above discussed results, with the dif-
fusion cell configuration it is possible to explore more nega-
tive potential values (down to —1.8 V vs. Pt, see Movie S2,
Supporting Information) due to the larger available electrolyte
volume and to the optimized liquid flow around the viewing
window. The improved geometry and increased mass transport
(through convection) in the by-pass channel from one hand min-
imize the coalescence of gaseous reaction products, and from
the other hand efficiently remove gas bubbles when they are
formed.

The dynamics of gas bubbles inside this cell during a CV ac-
quisition between 0 V and —1.8 V versus Pt at 1200 uL h~! flow
rate are presented in Figure 2d. Also in this case, the bubble for-
mation process starts at the counter electrode, but its position in-
side the 10 um bypass channel prevents the gas saturation. This
assumption is confirmed by the observation of the gas bubbles
formed at the position where the CE overlaps with the pentago-
nal plateau on the bottom left (second frame, Figure 2d): here,
the thickness is locally reduced to 650 nm as in the standard cell
condition. It is interesting to notice that the gas bubbles are read-
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ily brought away by the liquid flow. Concerning the WE region,
it must be noted that at —1.1 V versus Pt the improved liquid
flow configuration inhibits the formation of gas bubbles in the
viewing window. However, when this process is boosted by more
negative potentials, gaseous products form and coalesce in the
WE region.

Since the WE is placed in front of the “island” of the small
chip (650 nm channel thickness), it is expected to experience sat-
uration of the gaseous products at milder conditions compared
to the CE. Despite this, it still benefits from the improved dif-
fusion transport given by the presence of the bypass channel
around the “island”, effectively reducing the diffusion length. The
contribution of diffusion to the overall enhanced removal of the
products of reactions in this type of flow reactor is confirmed
by convection diffusion modeling of solute removal, as shown
in Note S4 (Supporting Information). The presence of bubbles
on the WE does not cause complete dewetting of the WE, as
they are easily moved to the bypass channel toward the outlet
port (at the bottom of the optical images in Figure 2d) thanks
to the favorable configuration of convective flow in the diffusion
cell. In this regard, the first voltammogram (CV1) in Figure 2b
is exemplary: while the formation of gas bubbles causes a sud-
den decrease of the current intensity at ~¥ —1.45 V versus Pt,
the contact between the electrolyte solution and the WE is not
completely lost. Consequently, it is possible to acquire consec-
utive cyclic voltammograms with comparable current response
(see CV2, CV3).

Due to the improved management of bubbles inside the cell,
with this optimized configuration only 1 min (ten times faster
than the standard configuration) is needed to completely recover
the electrolyte in cases where the WE region suffers partial dewet-
ting.

The modified liquid flow configuration results in improved ef-
ficiency for the removal of gaseous products at all tested flow
rates when the cyclic voltammetry is run in the potential range
up to —1.4 V versus Pt. For the flow rate of 300 uL h~!, at more
negative potentials the gas products formed accumulate into
the bubbles, which coalesce before being efficiently removed.
Complete dewetting of the WE does not occur, and the bub-
bles are removed partially when the cyclic voltammetry returns
to less negative potentials. The behavior for the flow rate of
2500 uL h~! is in good agreement with the one at 1200 pL h~!
flow rate.

The ex situ comparative flow experiments allowed to visualize
the dynamics of bubbles in the whole cell and, in particular, they
were used to analyze the ability of the by-pass channel to remove
gaseous products.

As a final remark on the ex situ experiments, the pivotal role
of the custom-made optically transparent large glass chips must
be highlighted. The possibility of visualizing through optical mi-
croscopy the entire liquid cell is extremely important to under-
stand the cell behavior under electrochemical stimulation. This
kind of investigation might be envisioned as a preliminary step
in the optimization of the experimental conditions for carefully
planned EC-LPTEM experiments. The influence of the experi-
mental conditions (low channel cross-section, flow rate, poten-
tial window) on the electrochemical response of the whole liquid
cell might thus be studied before the in situ experiments in the
TEM column.
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Figure 3. Transmitted electron intensity curves obtained at WE, acquired during cyclic voltammetry cycles for a) standard and b) optimized cell. Rep-
resentative cyclic voltammetry cycles for c) standard and d) optimized cell. Transmitted electron intensity curves obtained at WE, acquired during
chronoamperometry for e) standard and f) optimized cell. Color code: GREEN — cell fully filled with liquid, RED — cell saturated with gas. The green
arrows indicate the transmitted electron intensity corresponding to the cell fully filled with liquid. The selected flow rate was 1200 pL h~".

2.2. In Situ Comparative Flow Experiments

As previously discussed, ex situ comparative flow experiments
provide direct visualization of the effects of the optimized flow
configuration for electrochemical experiments, especially high-
lighting the beneficial role in minimizing the formation of gas
bubbles at the CE and improving convective mass transport in
the by-pass channel.

However, in order to get a complete picture of the liquid cell
behavior in practical conditions for EC-LPTEM experiments, a
better understanding of the gas bubble formation at the WE area
must be obtained. To this aim, in situ experiments were car-
ried out inside the transmission electron microscope, using the
transmitted electron intensity to precisely track the presence of
gaseous products at the WE during electrochemical stimulation
of the liquid cell. As shown in Figure S1 (Supporting Informa-
tion), when the viewing area is filled with gas (Figure S1, Support-
ing Information right), the transmitted electron intensity rises,
due to the lower scattering power of gas compared to liquid. In
this way, it is possible to correlate the presence of gas at the WE
region with specific electrochemical conditions as a function of
time. For the in situ experiments, large silicon chips with glassy
carbon working electrodes were selected, since glassy carbon is
inert and stable in a large potential range and it also generates
lower background contrast in images compared to platinum.3738

Concerning the electrochemical stimulation, the experimental
protocol mirrored the one discussed for the ex situ experiments.
Also for this case, different flow rates (300, 1200, and 2500 uL h™1)
of the CO,-saturated 0.1 M KHCO, electrolyte were investigated.

Small Methods 2025, 9, 2401718

During each experiment, the flow rate, the electron beam en-
ergy and the primary beam intensity were kept constant. There-
fore, the variations in intensity are exclusively related to the pro-
duction of the gaseous products induced by changes of the elec-
trochemical state of the system (see Movie S3, Supporting Infor-
mation).

Figure 3 provides an overview of the transmitted electron
intensity curves acquired during CV and CA experiments at
1200 pL h=! flow rate. Abrupt changes in the transmitted elec-
tron intensity followed by a plateau are directly related to a con-
dition where the electrolyte layer is very thin or even completely
absent. Based on the results provided in Figure 3, the difference
between the two different flow configurations is dramatic. In
the standard configuration, gaseous products completely saturate
the viewing window when —1 V versus Pt potential is reached
through CV. This is repeatable and confirmed with several CV
experiments with increasing potential window. It is interesting
to notice that this phenomenon correlates with the ex situ experi-
ments, although they were conducted with platinum WEs, which
in principle should enhance the production of H, through HER.
These finding suggest that the main role in the gas saturation of
the cell at negative potentials versus Pt may not be played by the
WE, at least in the standard configuration, but by the CE. Based
on these results, it is clear that with the standard configuration
it is not possible to carry out CV or CA experiments at potentials
< —1 V versus Pt (= — 0.2 V versus RHE) with the WE region
fully filled with liquid. It is important to add that it was possi-
ble to run CA at —1.3 V and —1.6 V with a partially filled liquid
cell and there was a current flow between WE and CE, possibly
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due to residual thin electrolyte layer. However, it is not ideal to
carry out the experiments in these conditions, since the exact in-
fluence of large gas bubbles on the electrochemical behavior of
the cell is still not well understood. It is, however, clear that the
presence of large gas bubbles on the WE region leads to reduced
area of contact between the electrode and electrolyte. This can in-
fluence or limit the supply of the fresh electrolyte and removal
of the produced species during the catalytic activity. Concerning
the recovery time, after each experiment the fresh electrolyte was
flowed in the cell for at least 10 min or longer to assure that the
cell was refilled again. The OCP was monitored within this time
and only when this was stable, and the intensity was back to the
initial conditions (filled cell) the following experiment was run.
A similar unstable behavior was confirmed for the other studied
electrolyte flow rates (see Figure S2, Supporting Information for
300 and 2500 pL h~'). At the flow rate of 300 uL h~! some bub-
bles were created already during the cyclic voltammetry in the
range 0 to —1.0 V versus Pt. When the electrolyte was flowed at
the rate of 2500 uL h™!, it was possible to perform the electro-
chemical stimulation in the range 0 to —1.0 V versus Pt without
generation of bubbles and/or dewetting of the electrode. This is
an indication that enhanced flow rates may have beneficial ef-
fects for increasing the range of accessible potentials. However,
higher flow rates may result in higher pressure experienced by
the electron-transparent Si;N, membranes, which could possi-
bly lead to mechanical failure and subsequent liquid leakage in
the microscope column.

With the diffusion cell configuration, the range of experimen-
tal conditions compatible with the filled cell is greatly enlarged.
Specifically, at the flow rate of 1200 uL h~!, it is possible to access
potential values down to —2.0 V versus Pt with both CV and CA
experiments, reaching conditions which are significant for en-
ergy applications. This is reflected also by the comparable behav-
ior of multiple successive CV cycles (see Figure 3d). Similar stable
behavior was observed for the other studied electrolyte flow rates
(see Figure S3, Supporting Information for 300 and 2500 uL h™1).
At the flow rate of 300 pL h™! it is possible to perform the elec-
trochemical stimulation without production of the bubbles in a
very large potential window. Gas bubbles are created only during
the cyclic voltammetry in the range 0 to —2.0 V versus Pt. When
the flow rate is increased to 2500 uL h~! it is possible to access
potential values down to —2.0 V with both CV and CA experi-
ments, similarly to the 1200 puL h=' flow rate. The formation of
large bubbles starts during the cyclic voltammetry in the range
0 to —2.2 V versus Pt. It is worth noting that the accessible po-
tentials values are more negative compared to the ex situ experi-
ments. This may be a consequence of the different WE electrode
material, since glassy carbon is less active toward HER in com-
parison to platinum. However, as previously mentioned, the WE
material did not play a huge role in the standard flow configura-
tion, concerning the accessible electrochemical conditions. An-
other possible explanation may be related with the bulging of the
Si;N, membranes. It is well-known that the electron-transparent
Si;N, membranes experience bulging!*! while the liquid cell is
placed in the high-vacuum of the electron microscope column,
thereby increasing the available volume for the liquid electrolyte
(see Figure S1, Supporting Information). As a consequence of a
larger volume of the liquid electrolyte directly over the WE region,
an increased production of gas (i.e., more negative potentials) is
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required at the WE to reach the solubility limit for the formation
of bubbles.

As shown in Figure 3f and Figure S3 (Supporting Infor-
mation), the improved flow configuration allows to carry out
chronoamperometry measurements for prolonged times and at
potentials which were previously not accessible with the stan-
dard flow configuration (see Figure S4, Supporting Information
for CA carried out at —2.0 V versus Pt). It must be stressed
that chronoamperometric techniques are widely exploited for the
evaluation of the catalyst performance in reactions relevant for
the energy transition. Thus, the optimized diffusion cell design
paves the way for future EC-LPTEM studies, shedding light on
the morphological and/or structural evolution of the catalyst and
the influence of these changes on activity, selectivity, and stabil-
ity. As a final remark it is important to note that even with the
diffusion cell configuration it is possible to enhance the resolu-
tion of the microscopic analysis by saturating the liquid cell with
gas, which has lower scattering power compared to the liquid
electrolyte. For all tested flow rates, at potentials more negative
than —2.2 V the gas production is overwhelming and the cell is
saturated with gas. Although a limitation in the available poten-
tial window, this phenomenon provides the opportunity to selec-
tively decrease the electrolyte thickness, allowing for the extrac-
tion of structural information from images and diffraction pat-
terns. Thanks to the optimized liquid flow configuration, fast re-
covery of the “filled cell” condition is obtained within 1-2 min
once the in situ structural analysis is concluded.

2.3. Zn Electrodeposition

Ex situ and in situ comparative flow experiments showed that
the optimized geometry allows to perform electrochemical exper-
iments in conditions which were not accessible with the stan-
dard flow configuration. Direct proof of these positive effects
requires an electrochemical experiment that would not be pos-
sible using a standard flow configuration with the same TEM
holder.

Among the possible EC-LPTEM experiments, electrodeposi-
tion processes are ideal candidates for proving the beneficial ef-
fects of the modified geometry. This is because electrodeposi-
tion in the “thin electrolyte” condition would result in a very lim-
ited material growth, since the chemical species involved in the
process would immediately be depleted. Moreover, electrodepo-
sition processes attract much attention since they are employed
in the manufacturing industry as fabrication techniques. They
are also of great importance to unveil the electrochemical mecha-
nisms involved in rechargeable batteries during charge-discharge
cycling.[*) In this context, various experiments have already been
performed with commercial chips, thanks to the fact that they
did not require an aqueous environment (i.e., traditional Li-ion
batteries).[*1*2) However, due to the need for more sustainable
devices, researchers are also focusing on batteries based on dif-
ferent chemical elements (Zn, Mg, etc.), thus demanding water-
based electrolytes *!

For the previously mentioned reasons, we chose the electrode-
position of Zn as a proof-of-concept, showing the experimental
implications of adopting the two different liquid cell geometries.
The electrocatalytic setup in EC-LPTEM differs from real-world
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Figure 4. Electrodeposition of Zn on the Pt WE at —0.5 pA: a) chronopotentiogram and current profile applied during the electrodeposition process,
and b) BF-STEM images at indicated times with the same magnification. The electrolyte flow rate was 1200 uL h~=".

Dbattery scenarios, where electrodes typically have larger surface
areas and higher electrolyte concentrations. In the miniaturized
cell, the conditions must be optimized to study the process
effectively. However, due to the smaller size and thickness of
the electrodes and the extremely small liquid volume, electrolyte
transport phenomena, including ion mobility, are significantly
impacted.[*l Since the analysis of the implications in the
charge-discharge process of Zn-air batteries is out of the scope
of this work, we just focused on the application of the —0.5 uA
cathodic current to show the electrodeposition process. Due
to the significant water splitting occurring at the Pt WE and
CE during the electrodeposition process, it is not possible to
perform the experiment with the standard commercial set-up
since the liquid cell is immediately filled with the gaseous prod-
ucts (see Movie S4, Supporting Information). This has already
been reported with a comparable liquid cell geometry by Sasaki
et al.l®! Production of gas bubbles (at the WE) during in situ
Zn deposition experiments has also been reported with other
convection-governed liquid cell geometries.[*] As a possible
solution to the problem, Sasaki and coworkers minimized O,
production at the CE through the ex situ deposition of Zn on
the Pt CE, therefore successfully obtaining the Zn deposition
through adding an extra technological step to the experiment.
With the diffusion cell geometry, it is possible to observe the Zn
electrodeposition without any specific preparation step.
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The applied current over time is shown in Figure 4a: two in-
termediate steps with increasing current (—0.1 pA, —0.25 pA)
were implemented for 10 s each, before reaching the required
—0.5 pA current for the galvanostatic electrodeposition process,
lasting 120 s. Throughout the entire process, the potential be-
tween the WE and the Pt RE is more negative than —1.1 V ver-
sus Pt (see Figure 4a), a condition which is critical for the stan-
dard flow geometry, that, as previously discussed, causes com-
plete gas saturation of the cell (see Movie S4, Supporting Infor-
mation). Figure 4b shows significant images extracted from the
Movie S5 provided in the Supporting Information. It is interest-
ing to note that electrodeposition already starts at the initial in-
termediate steps: —0.1 pA from 0 to 10 s, —0.25 pA from 10 to
20 s. Based on the image acquired at 5 s, it is possible to detect
the presence of nucleating Zn nanostructures, which grow big-
ger in the following 15 s. Once the target —0.5 uA current is es-
tablished, more particles are generated and those already present
grow in size. The movie shows that it is possible to track the
morphological evolution of the electrodeposited nanostructures
while the viewing area is filled with the electrolyte all the time.
The measured potential at which electrodeposition occurred dur-
ing the galvanostatic deposition shown in our study (Figure 4a)
is close to the estimated potential of Zn?>*/Zn electrode pair ver-
sus the Pt reference electrode (see the “Experimental Methods”
section).
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Figure 5. EC-LPTEM study of Cu-based catalyst under CO2RR operating conditions: representative BF-STEM images a) of the Cu-based catalyst showing
the morphological evolution during CV b). Liquid cell partially filled with gas, acquisition of: BF-STEM image c), SAED pattern d) with corresponding
rotationally-averaged, background-subtracted pattern e). The electrolyte flow rate was 1200 uL h~".

It is important to add that also in diffusion cell geometry it is
possible to create gas bubbles to reduce the liquid to a thin film
that remains covering the windows, the electrodes, and the sam-
ple. This permits to obtain resolved structural and chemical anal-
yses at the nanoscale in liquid conditions, in similar way as with
the standard chip, however in the new configuration this is per-
formed on demand at relatively negative potentials.

BF-STEM images (see Figure S7, Supporting Information)
show the electrodeposited nanostructures observed when the cell
was brought to the thin film condition by providing electrochem-
ical stimulus through CV in the potential range of 0 to —2.0 V ver-
sus Pt. As can be seen, the visibility is drastically improved, and
very thin platelets are clearly observable in this condition, which
was not achievable when a cell with 650 nm spacer is fully filled.
The electrolyte is quickly recovered when the water-splitting volt-
age is no longer being applied. The deposition was characterized
by post in situ field emission scanning electron microscopy (FE-
SEM) analysis to assess the actual presence of Zn on the WE.
FESEM images (see Figure S5, Supporting Information) confirm
the deposition of a Zn-containing layer in the form of nanostruc-
tured foils. Based on energy dispersive X-ray spectroscopy (EDS)
maps (Figure S5, Supporting Information), the WE presents a
uniform coverage of Zn and O atoms, which can be related to the
presence of ZnO. Due to the high tendency of metallic Zn to ox-
idize after air exposure, it is reasonable to consider that during
the application of current, only metallic zinc was deposited, as al-
ready supposed by Sasaki et al.,|**’] with subsequent air-induced
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oxidation while transferring the chip from the liquid cell to the
FESEM chamber. It is also important to note that the Zn elec-
trodeposition process was completely selective toward the WE, as
evidenced by EDS analysis performed at the CE and RE, which
does not show any signal related to Zn (Figure S6, Supporting
Information).

This experiment demonstrates the efficacy of the optimized
configuration in speeding up the removal of gaseous products
due to water splitting reaction. This is a feature of paramount
relevance when considering in situ / operando experiments con-
ducted in aqueous environment, as gaseous side products cannot
be avoided in most electrochemically relevant conditions.

2.4. CO2RR Experiment with Cu-Based Catalyst

The implications of the diffusion cell geometry for CO2RR exper-
iments were also investigated in the presence of a catalyst ma-
terial. A Cu-based catalyst was deposited by sputtering and con-
fined in the WE region with a shadow mask. In this way, cov-
erage of the WE region with the catalyst material is optimized
(see Figure S8, Supporting Information). The thin film is consti-
tuted of nanostructured Cu crystalline grains and is expected to
partially oxidize after being exposed to the 0.1 M KHCO; solu-
tion at OCP conditions.[*®! As shown in Figure 5a, the morpho-
logical evolution of the catalyst was observed with cyclic voltam-
metry stimulation at cathodic potentials. Relevant conditions for
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CO2RR were reached (1.6 V vs. Pt ¥ —0.8 V versus RHE),
where the oxidized Cu is expected to experience reduction and
reach an active state for CO2RR.[*! It is worth noticing that suc-
cessive CV cycles (see Figure 5b) do not show drastic changes
in the measured current since the cell is fully filled with lig-
uid, thanks to mass transport conditions dictated by the diffusion
cell geometry. STEM images provide an indication of the mor-
phological changes of the thin film, suggesting possible dissolu-
tion/crystallization or crystal aggregation phenomena. The mor-
phology gradually changes from a compact thin film to sparse
islands of copper-based material (Figure 5a). By enlarging the
potential window to —2.0 V versus Pt, is it possible to reach an
intermediate condition where the cell is partially filled with gas
(see Movie S6, Supporting Information), improving the resolu-
tion of the imaging process (Figure 5¢) and allowing for the acqui-
sition of in situ selected area electron diffraction (SAED) patterns
(Figure 5d). Investigation by SAED confirms the co-presence of
Cu and Cu, O crystalline phases (Figure 5e), providing in situ in-
formation of structural changes experienced by the catalyst inside
the liquid cell. Although a complete investigation of the degrada-
tion pathway of the Cu-based catalyst is out of the scope of this
work, this proof-of-concept experiment shows important results:
i) consistent electrochemical stimulation is applied in conditions
relevant for CO2RR for a prolonged period of time with the cell
fully filled with liquid, ii) it is possible to enhance the resolution
by applying more negative potentials (—2.0 Vvs. Pt & —1.2 V vs.
RHE), to obtain structural information.

3. Conclusion

The role of cell design and liquid flow configuration in EC-
LPTEM was investigated by means of two different concepts: the
conventional cell with planar geometry and the diffusion cell with
on-chip micrometric by-pass channel. While with the standard
geometry the three electrodes (WE, RE, CE) all lie in a sub-um
thick nanochannel, in the optimized geometry the CE and RE
are in a 10 um - thick bypass channel, therefore being exposed
to a larger electrolyte volume. Through ex situ comparative flow
experiments with optically-transparent large glass chips, it was
shown that the formation of gas bubbles at the CE is minimized
in the diffusion cell geometry because the CE is exposed to a larger
volume of electrolyte and the gaseous products are more efhi-
ciently brought to the outlet by the optimized liquid flow config-
uration. In situ comparative experiments at cathodic potentials
in the electron microscope confirm that the diffusion cell geom-
etry shifts the congestion of the viewing area (corresponding to
the WE) with gaseous products to more negative potentials. It is
therefore possible to enlarge the potential window for the above
discussed in situ electrochemical experiments to ~ —2.0 V versus
Pt (% —1.2 V vs. RHE), while keeping the liquid cell fully filled
with electrolyte. It is important to notice that it is also possible to
momentarily enhance the resolution of the TEM analysis by in-
tentionally saturating the liquid cell with gas by applying poten-
tials more negative than ~ —2.0 V versus Pt (% —1.2 V vs. RHE),
thus establishing, when needed, the “thin electrolyte” condition.

Although the comparative experiments were carried out only at
cathodic potentials, it is expected that the beneficial effects of the
diffusion cell geometry also apply to anodic potentials. The same
experimental approach may be employed to understand the spe-
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cific conditions for the operation of the liquid cell fully filled with
electrolyte. In this regard, it is also worth stressing the impor-
tance of the optically transparent large glass chips for providing
a preliminary investigation of the response of the whole cell to
the electrochemical stimulation.

It was demonstrated that recently introduced designs(®*! pave
the way for future in situ / operando experiments in electro-
chemical conditions which are more directly comparable with the
macroscopic counterparts in the context of heterogeneous catal-
ysis for energy transition. The possibility of studying the dynam-
ical evolution of the morphology and structure of the catalysts
over a wider range of electrochemical conditions is expected to
provide insight into the fundamental mechanisms that influence
their activity, selectivity and stability.

The expected benefits also apply to processes of interest for the
energy storage research field, such as electrodeposition.

As a final remark, this work shows the critical role of cell ge-
ometry and liquid flow configuration in enabling EC-LPTEM ex-
periments at electrochemical conditions of interest for the energy
transition. It is envisioned that further optimization of the flow
configuration and of other key elements in the liquid cell (for ex-
ample the geometry of the electrodes and their relative positions),
will significantly impact the experimental control and data inter-
pretation.

4. Experimental Section

Experimental Set-Up: The influence of the liquid flow configuration
during EC-LPTEM experiments is investigated by comparing two different
microfluidic cell geometries: the standard cell and the diffusion cell. The two
concepts were experimentally implemented in the Poseidon Select holder
(Protochips Inc.). The miniaturized liquid cell was delimited by two chips
(see Figure 1): the large chip provides electrochemical functionality with a
MEMS-based approach, while different designs of the small chip provide
control on the liquid cell geometry and therefore on the liquid flow con-
figuration. The thickness of the liquid cell was determined by the spacers
placed on the large as well as on the small chips and the liquid cell was
sealed using a gasket.

In this work, we compare two different flow configurations, obtained by
two different designs of the small chip:[33]

i) the standard configuration (see Figure 1 top left), Protochips com-
mercial bottom e-chips: EPB-55DNF, 550 um x 50 um viewing window
(SiN,, 50 nm thickness), 150 nm spacer height.

ii) the diffusion cell configuration (see Figure 1 bottom left), Protochips
commercial bottom e-chips: ECB-55DNF-FM, 550 pm x 50 pm viewing
window (SiN,, 50 nm thickness), 150 nm spacer height.

The diffusion cell design results in dramatically reduced diffusion
length in the proximity of the viewing area, while simultaneously confining
convective mass transport outside the viewing area. The diffusion cell con-
cept was obtained by introducing an on-chip by-pass channel in the small
chip, while keeping the electron-transparent window on an elevated “is-
land” which confines the nanochannel only to the imaging area. After op-
timization of the geometrical parameters based on numerical models and
specific technological constraints, the physical implementation of the dif-
fusion cell concept has the following features: i) on-chip by-pass channel
height: 10 um, formed between four pentagonal plateau, ii) the central is-
land extends over ~ 120 x 600 um?, iii) spacers, which define the thickness
of the liquid were located at the corners of four pentagonal plateau.[*3]

Concerning the large chips, they provide the electrochemical function-
ality in a three-electrode configuration, with a linear WE in the middle
with a semi-circular CE around it and a square-shaped RE on its bottom
right. The RE and CE were made of platinum, while for the WE there was
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the possibility of choosing between platinum or glassy carbon. All the Pt
electrodes were ~ 75 nm thick, while the glassy carbon electrode was
60 nm thick. Commercial silicon large chips ECT-45PT and ECT-45CR were
used (Pt and glassy carbon WE respectively), with viewing window 550 pm
x40 pum (SiN,, 50 nm thick). In this work, ad-hoc large chips made of glass
(from Protochips) were also used to carry out experiments under the op-
tical microscope (referred to in the text as ex situ experiments). The op-
tical transparency of the glass large chips and the use of a stereomicro-
scope allows the observation of RE, CE and WE at the same time. These
chips feature three Pt electrodes with the same geometry as the commer-
cial standard silicon large chips. The spacer on all types of the large chips
was 500 nm. All the chips (standard and modified) are manufactured by
Protochips, Inc. The electrochemical stimulation is provided with a Gamry
Reference 600+ potentiostat. In all experiments, the potential of the plat-
inum pseudo-reference electrode is ~ 0.8 V versus the reversible hydrogen
electrode (RHE), as previously reported in the literaturel5%43] therefore V
versus Pt ~ V versus RHE — 0.8 V. The flow rate during the experiments
was controlled with a Harvard Apparatus 11 Elite syringe pump.

Comparative Flow Experiments: A carefully designed experimental pro-
tocol had been implemented for the comparison between the two liquid
cell set-ups, which was targeted toward electrocatalytic CO, reduction
reaction applications in aqueous electrolyte. Specifically, CO,-saturated
0.1 M KHCO; was selected as aqueous electrolyte, since it is the most
common choice for this application.[>2] In fact, it was able to collect
and dissolve CO,, which was in equilibrium with HCO;~ species, and it
has good buffering capability, keeping the pH around neutral values.[>3]
Electrochemical techniques such as Cyclic Voltammetry (CV) and Chrono-
Amperometry (CA) were employed for the evaluation of the influence of
liquid flow configuration on the liquid cell behavior. Different flow rates
were examined: 300, 1200, and 2500 uL h—".

Two different classes of experiments were carried out: ex situ experi-
ments under the optical microscope, and in situ experiments in the trans-
mission electron microscope. For ex situ experiments, large chips made
of glass were used since they provide optical transparency. For in situ ex-
periments, standard large silicon chips with a glassy carbon working elec-
trode were used since glassy carbon is commonly used as current col-
lector for CO,RRI3™! and it has lower activity toward HER compared to
Pt.[34] Successive cyclic voltammetry measurements were performed with
increasing potential window at 50 mV s~ scan-rate, in order both to con-
dition the electrochemical cell and to test exactly at which potential the
gas production begins to be unbearable for the chosen flow rate. If the
CVs did not produce a huge amount of gas at certain potentials (—1.3,
—1.6, —1.8, —2.0 V vs. Pt) then, also 10 min chronoamperometry was per-
formed to preliminary understand if the cell could sustain the potentials
of interest for an extended period of time. Before the CA, a potential sweep
was employed to pass from the Open Circuit Potential (OCP) to the target
value for the CA with 50 mV s™! scan-rate. The behavior of the cell was
investigated during the electrochemical stimulation by means of the opti-
cal microscope (ex situ experiment) or the TEM (in situ experiment). By
exploiting these techniques, it was possible to correlate the electrochemi-
cal response of the cell with the evolution of the formation of the gaseous
products.

During the electrochemical stimulation under the electron beam, the
formation of gas bubbles was monitored by using a method developed in
a previous work.[31] Briefly, variations in the transmitted electron intensity
in parallel beam illumination were tracked over time. When the presence
of gas bubbles causes dewetting of the region under study, the transmitted
electron intensity rises due to the lower scattering power of the gas phase
with respect to the electrolyte.

The electron-optical parameters (excitation of all the TEM lenses) are
kept the same throughout all the experiments. The in situ experiments
were carried out in a Tecnai F20ST transmission electron microscope
(Thermofisher, former FEI), operating in TEM mode at 200 kV accelerating
voltage. The illumination conditions were kept the same through all the in
situ experiments, with a ~ 8 e~ /nm?/ dose-rate.

Zn Electrodepositon:  Electrodeposition of Zn nanostructures in aque-
ous electrolyte was carried out using 0.1 M ZnSQO, in ultrapure water, with
a flow rate of 1200 uL h~". For this experiment the cell was mounted by
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means of a silicon large chip with Pt electrodes (500 nm spacer), and a dif-
fusion cell small chip with a 150 nm thick spacer. The deposition was car-
ried out by chronopotentiometry (CP), where the target current of —0.5 uA
was reached through two steps with increasing current values (—0.1 and
—0.2 pA) for 10 s each. The target current was, then, kept fixed for 120 s
to follow the growth mechanism of Zn dendrites. The measured potential
values during the galvanostatic deposition process are reported versus the
platinum reference electrode. Considering the potential of the Zn?* | Zn
couple of —0.76 V versus Standard Hydrogen Electrode (SHE),[*%] the po-
tential versus RHE may be calculated as follows: V versus RHE =V versus
SHE + 0.059*pH =—0.346 V for pH = 7.

Using the relation V versus Pt ~ V versus RHE — 0.8 V we obtain »~
—1.15 V versus Pt potential for the Zn?>* / Zn couple.

The electrodeposition procedure follows the approach reported by
Sasaki et al.,[**] except for the liquid flow rate (1200 uL h~") and for the
deposition time interval, which was much longer in this work. In situ TEM
imaging of the electrodeposition process had been carried out with a Tec-
nai F20ST microscope (Thermofisher, former FEI), operated at 200 kV ac-
celerating voltage, in STEM mode (dose per frame ~ le~/nm?). Post in
situ Field Emission Scanning Electron Microscopy (FESEM) characteri-
zation of the electrodeposited nanostructures was performed with dual-
beam FIB-SEM workstation (Auriga model by Zeiss) equipped with a Sili-
con Drift Detector (Oxford Instruments) for Energy Dispersive X-ray spec-
troscopy (EDS).

CO2RR Experiment with Cu-Based Catalyst: The morphological char-
acterization of Cu-based catalyst in conditions relevant for CO2RR was
performed in CO,-saturated 0.1 M KHCOj; electrolyte, with 1200 uL h~!
flow rate. The cell was constituted of a silicon large chip (WE: glassy Car-
bon, CE: Pt, RE: Pt; 500 nm spacer) and a diffusion cell small chip (150 nm
spacer). A thin Cu film was deposited by RF magnetron sputtering (Quo-
rum Technologies Ltd Q150T) coupled with a mask with optimized con-
ditions (50 mA, 130 s) to obtain an electron-transparent film on the WE
region (see Supporting Information). A series of CV experiments was car-
ried out at cathodic potentials, with 50 mV s™! scan-rate. In situ STEM im-
ages were acquired with a Tecnai F20ST microscope (Thermofisher, former
FEI), operated at 200 kV accelerating voltage (dose per frame ~ e~ /nm?).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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