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Abstract: The combination of imaging with electrochemical quantification in liquid cell transmission
electron microscopy (TEM) provides opportunities for visualizing material processes in liquid with
good spatial and temporal resolution in a way that is inaccessible in bench-top electrochemical
experiments. The electrode material used in liquid cell TEM determines the reliability and
consistency of the electrochemical measurements, and also influences the resolution when imaging
processes on the electrode. Here, we explore the opportunities arising from the use of 2D materials
in liquid cell electrochemistry. Through electrochemical imaging and modelling we demonstrate that
the use of graphene electrodes enables quantitative electrochemical metal deposition studies and
we suggest that the minimal electron scattering and electric-field enhanced wettability are
advantageous in obtaining interpretable and higher resolution data. We anticipate that
incorporation of 2D materials into electrode design will open new opportunities for investigating

problems in crystal growth, energy storage and electrocatalysis.
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1. Introduction

Electrochemical processes are central to energy storage applications ranging from batteries
and fuel cells to electrolyzers that allow the storage of chemical energy in matter and its conversion
into electricity. Recent advances in microelectromechanical system (MEMS)™Y manufacturing
technology enable the miniaturization of conventional electrochemical setups into compact vacuum-
sealed units — liquid cells that can be fitted into the column of the electron microscope. This has
enabled liquid cell transmission electron microscopy (TEM) to emerge as a powerful electrochemical
characterization technique that allows real-time imaging of electrochemical processes at high spatial
and temporal resolution.” Electrochemical liquid cell TEM has been used to study a wide range of

7]

problems pertaining to electrochemical deposition”’ as well as energy storage and electrocatalysis,

including understanding solid-electrolyte interface formation,® lithiation in anode and cathode

materials'® and electrochemical growth or etching behaviour of solid electrocatalysts.™®

The choice of electrode materials in liquid cell TEM is critical for several distinct reasons. The
electrodes must allow the process that takes place within the liquid cell to replicate the “real life”
process as closely as possible. They must ensure consistent and reliable electrochemical
measurements. But it is also important that the electrode material does not scatter electrons
strongly. The resolution in liquid cell TEM is often dose-limited due to the sensitivity of the
electrolyte to electron beam irradiation.!*> ** ! The signal to noise ratio, which controls resolution
under dose-limited circumstances, depends on the mass thickness of all the components in the
electrochemical cell. This includes the windows and liquid layer, and also the electrode, particularly
when observing phenomena that take place over the surface of the electrode (as opposed to around
the edges). Pt and Au™®! are the most commonly used electrode materials in state-of-the-art
electrochemical MEMS thin window cells. Pt and Au are undoubtedly beneficial due to their stability
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to corrosion and their high conductivity, even as thin films. Nonetheless, they contribute a large
mass contrast and a non-uniform background due to their polycrystalline nature. Moreover, Pt is
also known to be sensitive towards changes in electrolyte composition, such that the presence of
xygen and hydrogen or pH change can result in dissolution."® The adhesion layer, commonly Cr or
Ti, that is required for fabricating these metal electrodes can further increase the complexity of the

electrochemical system. Recent in situ electrochemical studies with the use of glassy carbon

[11, 15, 17, 18]

electrodes show improved image quality but the material is relatively difficult to pattern

and prone to mechanical damage, despite its good cathodic potential range.“g] Another major issue

faced by the carbon electrode is wetting: the carbon film is hydrophobic and often requires surface

[20]

modification to improve its hydrophilicity which further complicates electrochemical

measurement and data interpretation. Indium tin oxide (ITO) has low sheet resistance and high

transmittance.”™ It is a promising transparent material for liquid cell TEM electrodes but it is

hindered by its poor mechanical stability and compatibility with acidic solutions.*”

Two-dimensional (2D) materials such as graphene and transition metal dichalcogenides
(TMDs) are potential candidate materials for electrodes due to their exceptional intrinsic properties,
particularly high surface-to-volume ratio, electrical charge mobility, thermal conductivity and
mechanical strength.'?* > Graphene in particular shows tuneable band structure and electrocatalytic
activity, excellent conductivity, good chemical resistance and mechanical flexibility and is widely

used in electrochemical processes.[zs' 2] Graphene-based composite materials have been explored as

2

next generation electrode materials for electrical and optical devices, 7] supercapacitors,[zsl organic

[29]

electronics™” and dye-sensitized solar cells.®”! Graphene itself is considered a promising electrode

[24, 32]

material for a wide range of applications ranging from photocatalysis®" to solar cells and

optoelectronic devices.®
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In electron microscopy, graphene is also advantageous for other reasons. Its mechanical

properties and electron transparency make it ideal as the substrate in conventional TEM imaging®”,

[35, 36]

SEM and photoemission microscopy studies of liquid samples, and TEM imaging of liquid

[37]

amples using graphene liquid cells”" where the liquid is encapsulated between two graphene

sheets for high-resolution imaging. Furthermore, graphene is thought to act as a scavenger for the

[38, 39]

radical species created during irradiation of water and aqueous solutions, which should in

principle reduce electron beam effects on processes under observation. Graphene liquid cells (GLCs),

149411 such as molybdenum disulfide (MoS,), are

and liquid cells composed of other 2D materials
excellent for high resolution imaging of suspended nanocrystals. However, these cells are not
optimized for electrochemical experiments since the multiple closed pockets do not allow for
patterned electrodes, liquid flow or a fixed and well-defined liquid geometry all of which are
required for quantitative replication of processes important in electrochemistry, including

[38,42] o

diffusion.” > Advances in GLC design based on hybrids of graphene with silicon nitride r

)3 enable more control over liquid thickness and hence improved

hexagonal boron nitride (hBN
resolution over a larger area, compared to conventional GLCs. However, 2D materials have not been
engineered into microfabricated liquid cell designs in a way that allows integration with electrodes

or related functionality such as heating.”*”!

Here, we demonstrate the integration of graphene and other 2D materials in
electrochemical liquid cell TEM. We first develop a reproducible protocol in transferring 2D materials
onto microfabricated liquid cell chips to achieve reliable electrical contacts and mechanical
robustness. We then examine the suitability of 2D materials as electrodes by considering four
different aspects. (1) We discuss 2D materials as suitable substrates on which to carry out
electrodeposition by examining a well-characterized system, Cu deposition from an acidic electrolyte
under cyclic voltammetry conditions. (2) We discuss wettability, to understand the physical

processes at work when the electrolyte comes into contact with the 2D material. (3) We consider

This article is protected by copyright. All rights reserved.
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stability to mechanical, electrical and beam damage, comparing graphene and TMDs such as
tungsten diselenide (WSe,) and MoS, of different thicknesses and growth methods. (4) We finally
discuss resolution improvement, comparing graphene to Pt and other metal electrodes used in liquid
ell electrochemistry. By combining imaging, electrochemical measurements and modelling, we
show that multilayer graphene can serve as a low contrast and stable electrode material for
electrodeposition, and can substantially improve the resolution for electrochemical quantification

compared to Pt or other metal electrodes in liquid cell experiments.

2. Results and Discussion

2.1. Electrode Preparation and Electrochemical Deposition

Our standard electrochemical liquid cell chips incorporate three or more electrodes
fabricated by lift-off patterning of a Pt layer 20 nm in thickness. The Pt surface outside the viewing
window is coated with an insulating film to ensure that only an area a few tens of pm’ is
electrochemically active. We transferred exfoliated 2D materials onto these liquid cell chips using
the process shown in Figure 1a (see transfer protocol in S| Section 1). Instead of conventional
polymers that cannot be removed as effectively, we used cellulose acetate butyrate (CAB) to
enhance the cleanliness in the transfer process.** ** We transfered either a single 2D flake over one
electrode — the working electrode, Figure 1b - or two and three separate flakes over working,
reference and counter electrodes without short-circuiting (Figure 1c-d). If one or two flakes are
used, an unmodified Pt electrode acts as a quasi-reference electrode. We have tested 2D flakes with
areas 10° — 4x10° um? and irregular shapes. The thickness of the flake can be selected before
transfer, down to single monolayer (ML) flakes, but we will show below that for mechanical stability
of graphene, the optimum thickness is between ~3 and 15 layers (1-5 nm). Overall, this transfer

process results in good electrical contact between Pt and graphene and good mechanical stability.

This article is protected by copyright. All rights reserved.
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Transfer is compatible with the full functionalities of microfabricated liquid cells, such as biasing,
heating, flowing and mixing capabilities. It is also possible to grow 2D materials by chemical vapor
deposition (CVD) directly onto the window of the liquid cell chip, and we compare the grown and

xfoliated films below.

To characterize the electrochemical performance of transferred graphene electrodes, we
perform Cu electrodeposition under cyclic voltammetry (CV) conditions. The data in Figure 2a shows
typical current peaks for diffusion-limited deposition (Equation 1) and stripping of Cu (Equation 2).
We note that this imaging is carried out at a graphene edge that is located a few tens of micrometers
away from the Pt electrode, so the graphene is able to provide a larger available area for imaging

than the initial Pt electrode.

Cu clusters start to form (blue box, Figure 2a) at -0.14 V during the reverse scan. Nucleation
and growth continue until the potential reaches -0.4 V and show characteristic diffusion-limited
kinetics as the potential sweeps from -0.4 V to -0.2 V during the forward scan. At potentials of -0.2 V
and more positive, the Cu clusters (orange box, Figure 2a) decrease in size rapidly and completely
dissolve at -0.1 V. However, we note that one of the Cu clusters (Figure 2a, white arrow) behaves
differently. It is associated with a ripple-like strain effect on graphene during the CV cycle and
persists slightly longer than its neighbours. This may reflect a defect in the multilayer graphene and
will be discussed in more detail below. Figures 2b-d show the potential, total charge passed and
radius of representative clusters (labelled with coloured circles in the enlarged TEM image in Figure

S2, via image analysis described in the Experimental Section).

The graphene electrode therefore enables nucleation, growth and stripping of copper.

However some aspects of the experiment require further discussion. We first consider the voltage at

Author Manuscri

the center of the CV loop. We find this to be around -300 mV with respect to the Pt quasi-reference

electrode (Figure 2a). Prior experiments involving Cu or Au electrodes showed a CV that is centered

This article is protected by copyright. All rights reserved.
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on zero V.”!

We attribute the difference to a combination of the open circuit potential (measured as
described in Sl Section 3), which shows a potential difference between Gr and Pt of typically ~<150
mV with respect to the Pt quasi-reference electrode, and the offset we measure between Cu and Pt
f ~250-300 mV, shown in Figure S3. Note that if the initial Pt electrode is not fully covered by the
transferred graphene (as in an example shown in Figure S4), deposition could take place on Pt and
may even be preferred over graphene.™® ** |n Figure 2 the graphene area (1200 um?) greatly
exceeds the small area of exposed Pt (10 um?®) and the CV characteristic resembles that for

deposition on graphene rather than on Pt. More generally, for the most interpretable results it is

helpful to place the graphene flake to cover the entire exposed Pt area.

The second interesting feature of the experiment is the slowdown in the island growth even
at potentials where growth is expected to continue, Figure 2c, and the irreversible charge passed
during the cycle, Figure 2d. We attribute both to the effects of depletion, which is well known to be
important in liquid cell electrochemistry given the small volume of electrolyte present in the liquid
cell.® ™% |t is possible to estimate roughly whether depletion will dominate the experiment. We
first estimate from each image the total volume of copper deposited by that time, assuming that
each island is hemispherical. Figure S5 shows the island size distribution at several times and Table
S1 estimates the volume these islands represent. We then convert this “imaged volume” into a total
volume deposited and charge passed, under the assumption that copper is deposited equally across
the entire area of the electrode. (This assumption is hard to verify since much of the electrode area
extends beyond the window and is therefore not visible.) We calculate the volume of electrolyte
that is required to supply this number of copper ions, and hence the radius from which copper ions
must have diffused. Finally, we compare this radius with the distance that copper ions are expected

to diffuse, given their known diffusivity, at the time the image was recorded (Figure S6).

This article is protected by copyright. All rights reserved.
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The conclusion, described in SI Section 4, is that we do indeed expect Cu®* ion supply by
diffusion to be unable to keep up with the deposition rate as the voltage continues to sweep to
negative values. If diffusion depletes Cu ions around the electrode but voltage is still present, we

xpect other reactions such as gas formation to occur.””! Such reactions would lead to discrepancy
between the charge passed, calculated from the images as described above, and the charge passed
based on the current vs. time plot. This is consistent with observations (S| Section 4). Parallel
reactions would also generate irreversibility and a net charge flow after a complete CV cycle. Figure
2d indeed shows that -11 uC flows during deposition but +6.5 uC on stripping. The difference of -4.5

UC can be attributed to other reactions in the depleted solution.

These results demonstrate that the graphene electrode performs as expected in terms of
enabling metal electrodeposition and stripping, given the depletion and diffusion limitations, which
are a general issue in liquid cell microscopy that should be considered when setting up any
electrochemical experiment. The electrode size and material, deposition rate and electrolyte
composition remain important design criteria for achieving the most interpretable liquid cell

electrochemistry measurements.

2.2 Wettability of 2D Materials

For quantitative analysis of electrochemical processes it is helpful for the liquid cell to be
completely filled with electrolyte so that diffusion pathways through the liquid are well-defined. In
experiments where the liquid does not fill the electrochemical cell completely, we often observe
dramatic liquid motion during electrochemical cycling. Figure 3 shows images obtained during
electrodeposition of Au on graphene under cyclic voltammetry conditions in an electrochemical

liquid cell filled with 0.6 mM HAuCl, + 0.1 M HCI electrolyte. Dark patches, which are micrometer-

This article is protected by copyright. All rights reserved.
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scale liquid droplets, move during forward and reverse sweeps. This phenomena occurred

repeatedly in several sweeps.

We believe that this droplet motion is induced by the electric field and that it can provide

information regarding wettability and filling of cells that include 2D materials. Graphene is known to
be hydrophobict*®
hydrocarbons. It has also been reported that graphene films show increased wettability upon

when exposed to air for extended times, due to the attachment of airborne

application of voltage between water and graphene.* Theoretical works attribute the field-induced
increase in wettability to the reorientation of dipoles along the applied electric field direction so as
to attain a more energetically stable state and maximize hydrogen bond formation during water
polarization.”® Our in situ observations in Figure 3 are consistent with this picture. On mildly
hydrophobic surfaces like graphene,”®" the dissolved metal ions tend to diffuse to the hydrophobic
interface where they displace the water molecules to reduce the free energy and allow metal
deposition on the surface. Graphene’s high conductivity enables redistribution of the charges and
dipoles at the solid-liquid interfaces so as to reduce the interfacial energy upon application of a
potential, leading to an enhancement of surface wettability. The droplets we observe during in situ
electrodeposition are likely the outcome of enhanced wettability induced by the electric field
applied across the electrode. These results suggest a benefit of graphene as an electrode material:
cycling may be used to improve wetting. A side benefit of graphene electrodes is that plasma
cleaning is not required for creating wettable surfaces. The oxygen plasma treatment commonly
used to improve the wettability of liquid cell interior surfaces works well for conventional chips with
Pt and Au electrodes, but is less suitable for non-metal electrode materials such as glassy carbon
that are prone to etching during plasma treatment (Figure S7a-b).

2.3 Mechanical and Electron Beam Effects in 2D Material Electrodes

We next discuss the mechanical and electrical stability of graphene and other 2D materials
on liquid cell window chips. We compare materials of different thickness, as well as two methods of
placing the 2D layers onto the SiN,: exfoliation of flakes, as in the experiments shown in Figures 2-3,
and growth of the 2D material directly onto the chip by chemical vapour deposition (CVD) (see

Experimental Section).

Figure 4a shows MoS, flakes a few MLs thick on a SiN, window chip imaged shortly after

growth by CVD. The crystals are triangular and appear somewhat wrinkled, presumably due to

Author Manuscri

cooling from the growth temperature. The liquid cell was filled with gold aurate solution and images

were recorded during electron beam-induced growth of Au, Figure 4b. Striking changes are visible:

This article is protected by copyright. All rights reserved.
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the triangle edges roll up into nanotube structures and Au nanoparticles form at these rolled edges,
with some growing and others shrinking. It is known that dry CVD-grown MoS, flakes can roll up if
liquid (ethanol) is added: the driving force is the high strain energy induced by thermal mismatch on
ooling after growth.®? The rolling up that we observe in situ takes place some time after liquid is
introduced, but could be the result of liquid insertion between the MoS, and the substrate that

reduces adhesion and stimulates a scrolling process.®

Our exfoliated films do not show scrolling, but evidence for the movement of liquid under
the 2D layer is shown for both MoS, and WSe, in Figure 4d-f. This evidence comes from a
deformation in the 2D layer associated with some of the beam-induced Au nanocrystals. The
symmetric appearance in post-growth images (Figure 4e, f) suggest regions of mechanical strain as it
is consistent with the distinctive bend contours seen when 2D materials are deformed over particles
and curve due to van der Waals interactions.*® We observe similar bend contours in graphene
electrodes (Figure S8), mainly when the graphene layer is thick (> 30 layers) but much less commonly
when it is thin. We speculate that defects in the 2D materials serve to preferentially nucleate metal
nanocrystals that grow in liquid that has penetrated to the 2D material/SiN, interface, deforming the
2D layer. The contrast in Figure 2a (white arrow) is likely the outcome of the same phenomenon for
an electrochemically generated nanoparticle. Although mechanical compliance around deposited
material is not a usual feature for an electrode material, we suggest that this could be an advantage
if we think of it as an additional control knob to mechanically shape metal nanostructures during

electrodeposition by leveraging van der Waals interactions.

Apart from this occasional bending around nanocrystals, we find that exfoliated graphene
can be mechanically robust as an electrode material. However, the thickness of the exfoliated film is
critical. Figure S9a-c shows that exfoliated electrodes with thickness ranging from 12 to 15 layers can

be stable for several days without showing significant tearing or scrolling after in situ

This article is protected by copyright. All rights reserved.
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electrochemical stressing. As mentioned above, thicker graphene (>30 layers) has a tendency to
form pocket-like structures while thin graphene (1-2 layers) tends to detach from the metal

electrode after electrochemical stressing (Figure S9d-f).

We expect electron beam effects to play a role in the stability of electrodes composed of 2D
materials, since it is well known that these materials suffer from knock-on damage when irradiated
with high voltage electrons. The effect of irradiation on graphene adjacent to liquid has been
discussed in the graphene liquid cell literature. Electron flux in the range 360-800 e /A%s do not lead

B8 %41 although at higher doses drying of the liquid within the

to visible damage of the graphene
pockets has been noted. Our experiments used lower flux, below 30 e/A%s and consistent with the
literature, we did not observe visible damage to the several ML-thick electrode (although 1-3 ML
graphene layers can show etching under extended irradiation). However, atomic scale damage, such
as from individual knock-on events, would not be visible through the liquid and SiN. A more sensitive
measure of damage is the electrochemical performance of the electrode. Repeated deposition and
stripping of Cu is shown in Figure $10. Nucleation sites generally repeat,™ but after several minutes
of irradiation nuclei also form at new sites. If irradiation can induce nucleation sites, dose should be
minimized even in the regime where there is no visible damage. We also note that reaction of
graphene with water radiolysis products is reported to form graphene oxide.®® In our experiments,

we do not observe effects that might suggest formation of an insulating layer.””

The electron beam drives other reactions, including the beam-induced deposition of metal
nanocrystals shown in Figure 4, which occurs above a threshold electron flux (Figure S11). The low
flux used in Figure 2 was chosen to minimize this effect, and the electrodeposition occurs similarly
with and without irradiation (Figure S12). However, beam effects on electrochemistry may be more
complex than beam-induced deposition alone. Irradiation can cause both growth and etching of

nanoparticles, depending on the balance between the concentrations of oxidizing and reducing

This article is protected by copyright. All rights reserved.
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radiolytic species.”® Furthermore, graphene is a well-known scavenger of hydroxyl radicals.*® we
may expect the presence of graphene to shift the balance towards deposition by lowering the
hydroxyl radical concentration. A qualitative description of these effects is given in Sl Section 8.
Quantifying these effects requires calculations that include the complexity of the chemical
environment as well as diffusion and nucleation. However, we are intrigued by the possibility that
graphene’s scavenging properties may provide an additional pathway for control of liquid cell

electrochemistry.

We finally discuss the electrical stability of graphene compared to other 2D materials. In
Figure 4g, a thick WSe, electrode exhibited structural instability during cycling (Figure 4h) and
eventually broke down after several CV scans (Figure 4i). In contrast, graphene electrodes showed
electrical stability in various acidic electrolytes. For example, Figure S14 shows that it is stable up to
+900 mV (with respect to Pt-quasi reference electrode) in 0.1 M H,SO, and Figure 3 shows stability
to £1.5Vin 0.6 mM HAuCl, + 0.1 M HCI. This is close to values reported in literature where graphene
is stable within the potential window -0.8 V to +2 V vs. Ag/AgCl before undergoing oxidation to

graphene oxide."®

2.4 Potential Distribution at 2D Material Electrodes

Interpreting liquid cell electrochemical data requires knowledge of how the potential varies
across the electrode since any potential drop due to the resistivity of the electrode material could
affect the lateral distribution of the electrochemical reactions. We first note that an equivalent
circuit model for resistance mapping (Figure S15) suggests that the interface cleanliness, number

and planarity of graphene layers are important in determining the overall resistivity of the Pt-

Author Manuscri

graphene system and, given the other sources of resistance in the liquid cell, the addition of

graphene is not expected to change the voltage at the electrode surface significantly.
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To achieve a more accurate evaluation of the lateral distribution of potential across the
Pt/graphene and Pt/WSe, electrochemical liquid cell systems, we used finite element analysis to
map the potential and electric field via a simplified 2D Stationary model in COMSOL Multiphysics.””
o choose a resistivity value for the graphene, factors such as the doping level, substrate and defects
should be included. Multilayer graphene/graphite resistivities are reported in the range 10® - 10°®
Om.®® our multilayer graphene (>7 L) approaches a bulk properties approximation[sgl and we use an
average of these literature values. For WSe, the resistivity is several orders of magnitude higher
(~10° Qm)™.. For the electrolyte, we do not include the electrical double layer as the 2D model
geometry can not account for the out-of-plane potential profile governed by the electrical double
layer. The resistivity of the electrolyte is ~1 x 10™ Qm, (SI Section 10) so it dominates the resistivity of
the graphene but not the WSe,. We assume quasi-static equilibrium, with the initial voltage of the
working electrode set at 0.1 V and the counter electrode grounded. As expected, the potential drop
is much larger across the WSe, electrode than the graphene electrode (Figure 5a-c). The potential is
almost constant across the graphene flake (voltage drop < 1 mV), whereas the WSe, potential drops
significantly (~70 %) from the value at the Pt contact, a varying potential that could complicate
interpretation of electrochemical data (Figure 5c). The small lateral variation in potential across even
large graphene working electrodes (Figure 5f) is consistent with our experiments in which deposition
on graphene electrodes occurs across tens of um from the Pt electrode. A final feature from these
simulations is the prediction of electrochemical ‘hotspots’ in the form of increased electric field at
the corners of the 2D flakes (Figure 5d-e). Since exfoliated flakes exhibit uncontrolled geometries, it
is important to consider this electric field non-uniformity on a case-by-case basis. This simple
analysis should be taken to highlight the qualitative difference between graphene and WSe,
electrodes. More quantitative results would require a 3D simulation, but it is evident that a high
conductivity is important for liquid cell electrodes, and the electrical performance of graphene is

superior to less conductive 2D materials such as WSe,.
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2.5 Resolution Enhancement

The final aspect we consider for an electrode material in liquid cell electrochemistry is the
achievable image resolution. High spatial resolution has been a key driving force behind
development of liquid cell TEM. Conventional electrode choices such as Pt and Cu polycrystalline
film contribute a large mass contrast. The presence of additional material in the beam path reduces
the ability to discriminate small islands of material above (Figure S2, S7c-e, S8b). In conditions where
the resolution is dose-limited, as is frequently the case in liquids, the resolution of an object depends
on its contrast. For bright field imaging conditions this is essentially dependent on the mass
thickness of the object in comparison to the mass thickness of all the other components in the
electrochemical cell. In electrochemical experiments the components include the windows, liquid
layer and electrodes.™ We can assess the expected resolution for an object growing on a given

electrode material by comparing the mass thickness contribution as described by Equation 3.

Here, d,, gives the resolution of liquid samples and mass thickness is the product of thickness (t) and
density (p). In Sl Section 11 we compare mass thickness values for liquid cells with an electrode of
0.7 - 6 nm graphene (~2-20 layers) versus 20 nm thick Pt (or Au), as is often used in microfabricated
chips. The liquid cell includes a 50 nm SiN, top membrane, 200 nm thick water and 30 nm SiN,
bottom membrane. We find that the mass thicknesses have a ratio d, g,/dm st = 2. This suggests that

the resolution is significantly improved by a factor of 2 using a graphene electrode rather than Pt
layer, under the conditions where mass thickness is the limiting factor.

3. Conclusion

We have shown that 2D material electrodes can be integrated with microfabricated liquid
cell chips using a reproducible transfer protocol to achieve reliable electrical contact and mechanical
robustness. Through in situ electrochemical experiments, we demonstrate that graphene in
particular can be used as an electrode to enable quantitative electrochemical metal deposition

studies. Combining electrochemical analysis with jn situ imaging can improve our understanding of
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14



{

P

Author Manuscr

WILEY-VCH

the nucleation sites, growth mechanisms and structures formed during electrochemical reactions
that take place on the surface of an electrode. The use of graphene as an electrode material reduces
mass contrast, and therefore improves the spatial resolution for such electrochemical quantification,
ompared to conventional Pt or other metal electrodes often used in liquid cell experiments. Our
observations reveal that graphene has other key benefits. The enhanced wettability induced by the
electric field across the Pt/graphene hybrid electrode system is advantageous for controlled
electrodeposition. The remarkable mechanical and electrical properties of graphene lead to high
stability in our experiments during electrochemical cycling. It is even possible that the scavenging
properties of graphene may improve the beam sensitivity of the electrochemical experiment.
Combining graphene with a microfabricated liquid cell chip is a more complex process than creating
a GLC, but the lifetime of the graphene electrode electrochemical liquid cell is significantly improved
compared to conventional GLCs in which the liquid pocket typically dries out within 2-3 min.®* our
modelling of the performance of our hybrid electrode system shows that the low resistivity and
therefore minimal potential drop across the graphene is an important factor in establishing

conductivity and chemical stability during electrochemical reactions.

Overall, the combination of in situ imaging, electrochemical measurement and modelling
demonstrates that graphene is a promising electrode material that can provide an electron beam-
stable and low contrast extended electrode area for electrodeposition at improved image resolution.
Further exploration of the possibilities of graphene and other conductive 2D materials as electrode
materials in liquid cell TEM opens up new opportunities for addressing a wide range of
electrochemical problems. We are particularly excited by the possibilities of patterning the shapes
and sizes of flakes before exfoliation; by controlling nucleation and growth in electrochemical
processes by using patterned surfaces or scrolls; the enhanced information that can result from a

low contrast and uniform electrode, and the opportunities to perform experiments where the
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electrode material is relevant to electrochemical processes involving energy storage and

electrocatalysis.

Pt
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4. Experimental Section

Sample preparation: Sulfuric acid (Cat. No. 1090721000-1L, EMD Milipore Co., Billerica, MA, USA),
hydrochloric acid (Cat. No. 87003-500 ML, VWR Co., Radnor, PA, USA), copper sulfate (Cat. No.
451657-10G, Sigma-Aldrich Co., St Louis, MO, USA), gold (lll) chloride trihydrate (Cat. No. 520918-
1G, Sigma-Aldrich Co., St Louis, MO, USA), molybdenum (VI) oxide (Cat. No. 267856-100G, Sigma-
Aldrich Co., St Louis, MO, USA), and sulphur (Cat. No. 84683-1KG, Sigma-Aldrich Co., St Louis, MO,
USA) were used as received without further purification. All aqueous solutions were prepared using

deionized water.

Experimental procedures: For in situ electrochemical cell experiments, each electrochemical cell
consisted of one 100 nm-spacer chip with ultrathin (30 nm-thick) electron translucent SiN,
membranes windows (Hummingbird Scientific, Lacey, WA, USA) and a modified electrochemical
chips that had 2D materials transferred directly on top of the 50 nm-thick SiN, membrane window
(Hummingbird Scientific, Lacey, WA, USA). Before assembling the electrochemical cell, we cleaned
the surface of SiN, membrane windows with an oxygen plasma for 1 minute to render their surfaces
hydrophilic. Each electrochemical cell was assembled and loaded into an analytical flow holder
(Hummingbird Scientific, Lacey, WA, USA). After checking and confirming that there are no leaks in
the flow cell, the holder was inserted into a JEOL 2011 TEM operated at 200 kV for in situ imaging
where the incident electron flux ranged from 10 to 30 e'/(A*s). Image series were acquired at 10-30
frames per second using an AMT camera (AMT Imaging, Woburn, MA, USA). We introduced the
mixed acid and metal salt solution (0.1 M HCl or 0.1 M H,SO, and CuSO,, HAuCl,) into the liquid cell

via a flow tube (diameter of 200 um and length of 50 cm) connected to a syringe pump, using a flow
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rate of 5 uL/min. It takes a few minutes for the solution to reach the window area of the
electrochemical cell. On the videos, t = 0 s corresponds to application of voltage to the electrodes.
The electrochemical measurements used a Gamry Reference 600+ potentiostat (Gamry Instruments,
ennsylvania, USA). Post-deposition high resolution TEM (HAADF-STEM) imaging and diffraction
analysis were performed with a JEOL 2010F operated at 200 kV. All aqueous solutions were prepared

using deionized water without further purification.

2D Materials exfoliation: Thermally grown 90 nm SiO,/Si wafers were pre-treated with oxygen
plasma and the 2D material (Gr, MoS,, or WSe,) was mechanically exfoliated onto them using
conventional Scotch tape method. Graphene flakes were obtained from NGS Graphite (NGS Trading
and Consulting GmbH, Leinburg, Germany), while MoS, and WSe, flakes were obtained from HQ
Graphene (HQ graphene, Groningen, The Netherlands). Flakes of suitable thickness were then
identified by their contrast in optical microscopy. The transfer protocol is a wedging transfer process
to suspend 2D materials on TEM chips, building on the procedure in Ref., and described further in

Ref.**! and SI Section 1.

Chemical Vapor Deposition (CVD) of MoS,: Molybdenum (VI) oxide (15 mg of MoOQs) and sulfur (150
mg of S) precursors in separate alumina crucibles were loaded into the 1-inch quartz tube furnace.
The liquid cell spacer chip was placed above the MoO; crucible. The growth temperature was set to
795 °C at a ramp rate of 20 °C/min. Once the temperature reached the pre-set growth temperature,
sulfur precursor was inserted to heating zone and the flow rate of carrier gas (Ar, 99.5%) was
adjusted from 200 sccm (cm?/min) to 10 sccm. After growing for 7 minutes, the lid of CVD furnace

was opened. The spacer chip was taken out from the furnace after cooling down for 30 minutes.

Image processing: The area of islands shown in Figure 2 were obtained by image analysis performed

71611

on individual image sequences taken from TEM movies in in Python 3. using the libraries

[62]

numpy,® opencv!® and matplotlib.® Individual images (frames) are imported as 8-bit grayscale (0
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to 255) matrix. Data are smoothed and salt-and-pepper noise is reduced by using a bilateral filter
with a diameter of 9. The contours of individual islands are determined in the filtered images by
using a binary threshold and contours are obtained using the provided canny edge detection
function available in the opencv!®® library. The corresponding area of each island is straightforwardly

obtained from the number of pixels enclosed by each contour for every movie frame.

Finite-Element Method Simulation: The geometry was defined as a 200 um x 50 um rectangular SiN,
window, an irregular polygon shape as the 2D material, and three Pt electrodes that extend onto the
window set as working, reference, and counter electrode, respectively. The height of the electrodes
extended to the SiN, window was 2 um (i.e., y =2 um in Figure 5), and the widths were 10 um, 5 um
and 20 um with a 5 um gap between each electrode. The electrolyte was simulated with the
material properties of 0.1 M H,SO, (in which H" and SO, are the charge carriers).”™ For the
electrodes we used properties of Pt solid,® and a polygon with material properties of graphene®”’
or WSe,®®. Static electrolyte condition with negligible convection™™ is considered in our modelling.
A physics controlled mesh was set with a ‘normal’ element size, with automatic mesh refinement at

the boundaries. The outer edges of the chip were set to be electrically insulated, and the remainder

of the interior boundaries to the continuity condition.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: 2D material/Pt hybrid electrode structures. (a) Schematic view of a commercially available
biasing chip with 20-nm thick Pt electrodes (yellow) crossing the viewing window (cyan) and
connected to three contact pads E1, E2 and E3 that can be assigned as counter, reference and
working electrodes respectively. An insulating layer (green) passivates the surface of the electrodes
with an exception of the area that lies on the viewing window. A 2D flake is shown as the irregular
grey polygon. (b-d) Light microscope images showing biasing chips on which flakes (dotted white
lines) are transferred over the working electrode, working and counter electrodes and working,
reference and counter electrodes respectively.
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Figure 2: Cyclic voltammetry (CV) of Cu in 0.1 M CuSO, + 0.1 M H,SO, electrolyte. (a) Images from a
TEM video (Supporting video 1) obtained with electron flux of 3 e’/A%s during a CV cycle scanning
from 0V to-0.4 V to +0.05 V at 5 mV/s using the electrochemical liquid cell with electrode geometry
shown in Figure 1c. The potential for each image is indicated by dotted lines with deposition in blue
and stripping in orange. (b, c) Potential and radius of representative clusters. Colors correspond to
the circles in the image at -0.4 V which is enlarged in Figure S2 to show details. (d) Accumulated
charge vs. time, extracted by integrating the current during the CV cycle.
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Figure 3: Electric-field induced increase in wettability of 2D materials. /n situ TEM images showing
(a) stripping and (b) growth of Au on graphene (edge shown with a dotted line) at the graphene/Pt
working electrode under cyclic voltammetry conditions, scanning from0Vto-1.5Vto+1.5Vto 0V
at 50 mV/s, in an electrochemical liquid cell filled with 0.6 mM HAuCl, + 0.1 M HCI (Supporting video
2). Liquid droplets (yellow arrows) are visible particularly after cycling to positive potentials.
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Figure 4: Mechanical and electrical stability of 2D materials. TEM images of as-grown MoS, flake (a)
before flowing liquid and (b-c) after exposing to the electron beam and flowing 5 mM HAuCl,. Red
and yellow arrows indicate the dissolution and growth of Au nanoparticles respectively. (d) Time
series of TEM images showing the formation of Au nanoparticles on WSe; inside a liquid cell filled
with 5 mM HAuCl,. (e-f) Post-growth TEM images showing representative Au nanoparticles on (or
under) WSe,. (g-i) TEM images of WSe, flake exfoliated onto a Pt electrode during CV scanning. (g)
Before scanning; (h) rapid changes during scanning; (i) after scanning from 0 V to -1.5 V and back to
0V at 50 mV/s in an electrochemical liquid cell filled with 0.6 mM HAuCl, + 0.1 M HCI.
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Figure 5: Numerical modelling of graphene versus WSe, electrodes. (a) Potential map (V) of
Pt/graphene and (b) Pt/WSe, system where 0.1 V is applied to the working electrode (E1) with
respect to the counter electrode (E3). The shape of the electrode used corresponds to an
experimental exfoliated flake and the surrounding free area is assigned the properties of 0.1 M
H,SO, electrolyte. Contours are placed every 0.05 V and the arrow surface is proportional to current
density. (c) 1D plot across the center of the SiN, window (black dotted lines in panel a and b) of the
electric potential change for graphene (blue) and WSe, (green) systems. (d) Electric field distribution
(V/m) shown as a colour map for the Pt/graphene and (e) Pt/WSe, systems. Contours again
represent electric potential (V) and are placed every 0.05 V. Electrochemical ‘hotspots’ can be
observed at sharp corners of the 2D material flakes. (f) 1D plot across the center of the SiN, window
(white dotted lines in panel c and d) of the electric field change for graphene (blue) and WSe,
(green) systems. The 2D flake positions are indicated as dotted grey lines in c and f.

Cu?*t +2e~ - Cu® Equation 1
Cu® > Cu?* + 2e~ Equation 2
dm _ mass thickness of the object Equation 3

" mass thickness of the total liquid cell component
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The electrode material used in liquid cell transmission electron microscopy plays an important role
in determining both electrochemical performance and image resolution. We show, through
experimental demonstration of metal deposition and modelling, that multilayer graphene acts as a
suitable electrode for liquid cell electrochemical microscopy that enables interpretable and higher
resolution quantitative electrochemical experiments.
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Multilayer Graphene — A Promising Electrode Material in Liquid Cell Electrochemistry
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