Wwww.acsnano.org

Atomically Thin Bilayer Janus Membranes for
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ABSTRACT: Cryo-electron microscopy (cryo-EM) has emerged as a
vital tool to reveal the native structure of beam-sensitive biomolecules
and materials. Yet high-resolution cryo-EM analysis is still limited by
the poorly controlled specimen preparation and urgently demands a
robust supporting film material to prepare desirable samples. Here, \
we developed a bilayer Janus graphene membrane with the top-layer Cryo-EM "
graphene being functionalized to interact with target molecules on specimens loading
the surface, while the bottom layer being kept intact to reinforce its
mechanical steadiness. The ultraclean and atomically thin bilayer
Janus membrane prepared by our protocol on one hand generates
almost no extra noise and on the other hand reduces the specimen
motion during cryo-EM imaging, thus allowing the atomic-resolution
characterization of surface functional groups. Using such Janus
membranes in cryo-EM specimen preparation, we were able to directly image the lithium dendrite and reconstruct
macromolecules at near-atomic resolution. Our results demonstrate the bilayer Janus design as a promising supporting
material for high-resolution cryo-EM and EM imaging.
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echnological breakthroughs in cryo-electron micros-

copy (cryo-EM) have made it a powerful tool to

determine the close-to-native structures of beam-
sensitive materials, including biological macromolecules, ™*
lithium battery materials,”~’ metal—organic frameworks
(MOFs),® and organic—inorganic halide perovskites.” Com-
pared with the rapid technique developments in data collection
and processing, cryo-EM specimen preparation remains largely
unchanged and is still a trial-and-error process, which has
become a primary barrier to high-resolution cryo-EM
analysis.' "

To facilitate rapid and reliable specimen preparation for
high-quality EM imaging, graphene, as a promisinzg support
material, has recently drawn wide attention.''”>’ As an
atomically thin support film, graphene can minimize the
background noise and avoid adsorption of target molecules at
the air—water interface.’”™'® The interaction of protein
particles with the air—water interface often leads to sample
denaturation or preferential orientation. One of the desirable
approaches to promote cryo-EM specimen quality is to anchor
the samples on the affinity-modified graphene surfaces.'”'**’
However, several long-standing issues still limit the wide
application of graphene films in high-resolution cryo-EM: (1)
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The cryo-EM community conventionally uses plasma treat-
ment or chemical modification to generate hydrophilic affinity
graphene monolayer. These treatments on a graphene basal
plane, unfortunately, will damage the sp® carbon network of
the graphene lattice, thus severely degrading mechanical and
electrical robustness of the supporting film during further
specimen preparation and data collection.”*** (2) Although
the growth of high-quality large-area graphene film by chemical
vapor deposition (CVD) has been reported,”® the accessibility
of a robust graphene source is still a practical barrier in the EM
community. (3) Contaminations introduced during graphene
synthesis, the commonly used polymer-mediated graphene
transfer, or graphene modification may result in non-negligible
background noise and make graphene functionalization less
controllable."”***” (4) The surface chemistry of affinity
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Figure 1. Ultraclean bilayer Janus graphene membranes with asymmetric wettability. (a) Schematic illustration of bilayer Janus graphene
membranes. The top layer is functionalized to improve the wettability of graphene and anchor the particles, while the bottom layer is intact
to maintain the excellent mechanical and electrical properties of graphene. (b) Representative TEM micrograph of suspended bilayer Janus
graphene, showing the ultraclean graphene surface. (c) Atomic-resolution STEM image of bilayer Janus graphene with oxygen-pair
configuration. (d, e) Typical optical images revealing the hydrophilic top layer of Janus graphene grid with a water contact angle of ~51.3°
(d) and hydrophobic bottom layer with a water contact angle of ~83.8° (e). (f) Schematic (top row) and a typical cryo-SEM image (bottom
row) showing a uniform ice film on the top layer of bilayer Janus graphene. (g) Schematic (top row) and a typical cryo-SEM image (bottom
row) showing the heterogeneous ice pellets on the bottom layer of bilayer Janus graphene.

graphene and the chemical functional groups in functionalized
graphene lattice are still poorly characterized at the atomic
scale.'””® Therefore, the development of background-free
membranes with precisely functionalized surface and robust
support base will be critical for more general application in
cryo-EM.

Here we present an atomically thin bilayer Janus graphene
support for atomic-resolution cryo-EM. In this bilayer Janus
structure, the top layer is tailored with functional groups, which
are used to render hydrophilic graphene and attract the target
molecules. In contrast, the bottom layer of graphene remains
intact so that the mechanical and electrical robustness of
graphene is largely maintained. The bilayer Janus graphene
exhibits an ultraclean surface, enabling the direct character-
ization of surface functional groups and a Li dendrite sample at
the atomic scale. We show that such a Janus graphene design
facilitates the reduction of beam-induced specimen motion
during cryo-EM imaging and allows the single-particle
reconstruction of bacterial S0S ribosome at 2.7 A resolution.

RESULTS AND DISCUSSION

Ultraclean Bilayer Janus Graphene with Asymmetric
Wettability. Compared with monolayer graphene, bilayer and
multilayer graphenes offer an additional degree of freedom in
layer number, allowing the precise chemical modification layer
by layer. Besides, the bilayer graphene produces a very low
background in atomic-resolution EM where individual atoms
can be recognized at high contrast (Supporting Information
Figure S1). These properties make the bilayer graphene a
promising candidate for specimen support in EM. To render
the bilayer graphene with desired hydrophilicity and
functionality, we selectively modify the topmost layer with
oxygen-containing groups, forming a bilayer Janus structure
with an intact bottom layer (Figure la). The bilayer Janus
graphene not only enables efficient specimen loading but also

maintains its superior mechanical strength and conductivity,
despite the lattice of top-layer graphene being partially
disordered by the functional groups (Figure la).

To fabricate the ultraclean bilayer Janus graphene grids, we
adopted a polymer-free transfer strategy. First, we used the
high H,/CH, ratio (1000:1) and high pressure (2000 Pa) to
grow bilayer graphene on the copper foil by CVD. The high
H,/CH, ratio enabled the growth of a second graphene layer
underneath the existing monolayer graphene, yet the growth
rate of the bilayer graphene was slow.”” Thus, we increased the
high pressure in the CVD system to enhance the growth rate
and coverage of bilayer graphene. To avoid the polymer
contaminations during the bilayer graphene transfer, we
directly attached the TEM grid (Quantifoil, Au-300 mesh-
R1.2/1.3) onto the graphene/copper surface assisted with
isopropanol (IPA).>° Then the copper was etched off from
grid/graphene/copper composite by (NH,),S,05 solution.
After being rinsed and dried, the graphene grid with a clean
surface was obtained. The individual carbon atoms and Moiré
pattern were distinctly resolved at an atomic resolution of sub-
A by scanning transmission electron microscopy (STEM),
revealing the ultraclean surface of bilayer graphene (Figure
S2). To prepare the bilayer Janus graphene, we used a low-
energy oxygen plasma (power, 80 W; time, 18 s) to modify the
bilayer graphene surface. The suspended bilayer Janus
graphene exhibited a uniform surface with almost no polymer
residues (Figure 1b). O atom in the graphene lattice can be
clearly identified due to its heavier mass compared to C in the
high-angle annular dark field (HAADF) STEM imaging mode
(Figure 1c and Figure S3).

The bilayer Janus membrane exhibits bifacial anisotropic
wettability due to the asymmetric modification of bilayer
graphene. Owing to the introduction of polar oxygen-
containing groups, the top surface of bilayer Janus graphene
grid was more hydrophilic with a water contact angle (WCA)
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Figure 2. Surface structure manipulation of bilayer Janus membranes. (a) Initial configuration of the molecular dynamics model consisting of
bilayer graphene sheet (black color) and oxygen atoms (red color). (b) Snapshots of simulated dynamic process showing the C—O bond
formation, C—C bond rupture, and loss of carbon in the top layer of bilayer graphene. (c) Defect coalescence and nanopore formation in the
top-layer lattice with a maintained intact bottom layer. (d—f) High-resolution STEM and TEM images showing the oxygen pair (d), oxygen-
containing vacancy (e), and nanopore (f) in monolayer graphene lattice. (g—i) High-resolution STEM and TEM images showing the oxygen
pair (g), oxygen-containing vacancy (h), and nanopore (i) on the top layer of bilayer Janus graphene.

of ~51.3° (Figure 1d and Figure S4), whereas the opposite
side of the grid with intact bottom layer of graphene showed a
hydrophobic surface with a WCA of ~83.8° (Figure le and
Figure S4). In consideration of the wetting transparency of
graphene,”’ ™** we further investigated the intrinsic wettability
of suspended graphene membrane to exclude the influence of
the supporting substrate. We sprayed water vapor onto the
Janus graphene membrane using a humidifier, and then the
graphene was immediately cooled to liquid-nitrogen temper-
ature and subsequently examined under cryo-scanning electron
microscopy (cryo-SEM). We observed ice films spreading
uniformly on the top-layer graphene membrane (Figure 1f and
Figure SS) but an uneven distribution of ice pellets on the
bottom layer with variable dimensions (Figure 1g and Figure
S6). These observations indicated a distinct bifacial anisotropic
wettability of bilayer Janus graphene.

Furthermore, the distribution of soluble protein macro-
molecules can be used as a wettability indicator since soluble
proteins tend to stay on a hydrophilic surface.'” We found that,
on the top layer of Janus graphene, 20S proteasomes were
distributed as monodispersed particles at a high concentration

(Figure S7a). In contrast, few 20S proteasomes were observed
on the bottom layer (Figure S7b). Therefore, the functional
top layer of suspended Janus graphene is efficiently hydrophilic
to load biological macromolecules. In contrast, the bottom-
layer graphene remains hydrophobic and impervious to the
covalent modification of the top layer.

Structural Engineering of Bilayer Janus Membranes.
Bilayer Janus membranes were created through asymmetric
modification of bilayer graphene films with oxygen plasma. To
investigate the reaction dynamics between oxygen plasma and
bilayer graphene, we carried out molecular dynamics (MD)
simulation to reveal the bonding interaction in the oxygen-
plasma treatment. In the initial stage of MD simulation, oxygen
atoms were placed above the bilayer graphene sheets (Figure
2a). Subsequently, the oxygen atoms were chemisorbed on the
top-layer graphene and C—O bonds were first formed (Figure
2b). As the number of chemisorbed oxygen atoms increased,
the rupture of C—C bonds and loss of carbon occurred, leading
to the formation of carbonyl, ether groups, and vacancies in
graphene lattice (Figure 2b). With the increased defect density,
the adjacent vacancies would coalesce and lead to an extended
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Figure 3. Mechanical robustness and electron-beam resistance of bilayer Janus membranes. (a) Schematic illustration of AFM indentation
experiment. (b) Typical loading curves for bilayer Janus and functional monolayer graphene. The dotted lines represent the average breaking
force of pristine bilayer (red) and pristine monolayer graphene (green) for comparison. (c) Histograms of breaking forces for bilayer Janus
and functional monolayer graphene. (d) Robustness of bilayer Janus graphene under the electron irradiation, characterized by the intensity
ratio of the third-order Bragg reflection (I;) to the first-order (I;) from SAED patterns of graphene as a function of electron dose. Insets:
SAED patterns from the same position of bilayer Janus graphene at indicated dose points. (e) Cryo-TEM image of Li dendrite on the bilayer
Janus graphene. (f) High-resolution image of the green region marked in panel e showing the interface between SEI and Li metal. The
crystalline grains dispersed in the amorphous matrix are identified to be Li,O by matching the lattice spacings.

nanopore in the top layer, while the bottom layer remained
intact, as shown in the side view of bilayer Janus graphene

(Figure 2¢).

Our experimental results were in good agreement with the
theoretical simulation. Raman spectroscopy was often used to
investigate the structure disorder in the sp* network of Janus
graphene.’® As the plasma-treatment time was prolonged, the
intensity of the D band (~1350 cm™") increased, indicating an

accumulation

(Figure S8). By controlling the plasma-treatment time, we can
manipulate the surface structure of bilayer Janus graphene.
With a plasma treatment of ~18 s, the oxygen-atom point
defects including oxygen pair and oxygen-containing vacancy
were observed in the top layer of bilayer graphene using
atomic-resolution STEM images (Figures lc and 2gh).
Interestingly, similar configurations were also often found in
plasma-treated monolayer graphene (Figure 2d,e) and
graphene oxide,”” where two oxygen atoms substituted
neighboring carbon atoms for oxygen-pair configuration and

oxygen atoms

the longer treatment time of ~30 s, nanopores appeared in the
monolayer graphene lattice (Figure 2f) and the top layer of
bilayer graphene (Figure 2i), while the bottom layer remained

intact (Figure

Robust Bilayer Janus Membranes. To evaluate the
mechanical strength of suspended bilayer Janus graphene, we
performed atomic force microscope (AFM) nanoindentation
using a single-crystal diamond probe to indent the center of
the suspended graphene membranes on the grid (Figure 3a).
The force vs indentation depth curves were obtained until the
graphene ruptured (Figure 3b). Thanks to the intact bottom

layer, the bilayer Janus graphene maintained its integrity and
its strength is only slightly lower than that of pristine bilayer

graphene (Figure 3b and Figure S9). In contrast, the breaking

of functional groups in the graphene Ilattice

were coordinated at the edge of a vacancy. With

2i), consistent with the MD simulations.

16565

force of monolayer graphene decreased significantly after
treatment with the same plasma treatment (Figure 3b and
Figure S10). It is worth noting that the average breaking force
of bilayer Janus graphene is almost twice as large as that of the
treated monolayer graphene (Figure 3c). The mechanical
robustness of bilayer Janus graphene guaranteed a record high
coverage ratio (~99.8%) for the grid (Figure S11), which
would facilitate high-efficiency specimen preparation and EM
data collection.

Meanwhile, the bilayer Janus graphene exhibited excellent
stability under electron-beam irradiation, as revealed by the
electron-dose resistance characterization. The graphene
membrane was continuously radiated at the same position
under the electron beam with a dose rate of ~204.76 (e”/A?)/
s in a Tecnai F20 microscopy (200 kV), and we collected its
selected area electron diffraction patterns on a CCD camera
from 0 to 70 min. As shown in Figure 3d, although bilayer
Janus graphene was continuously irradiated with a high
electron dose of ~800,000 e"A~? at the same position, the
diffraction spots of the selected area electron diffraction
(SAED) of the graphene lattice remained sharp. The intensity
ratio of the third-order Bragg reflections (I3) to the first-order
ones (I;) of SAED patterns only showed a minor decay with
the electron-dose accumulation, indicating good preservation
of the high-quality graphene lattice during the electron
irradiation (Figure 3d and Figure S12).

Due to the excellent mechanical robustness and stability, the
Janus graphene contributed to the high-resolution imaging of
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Figure 4. Bilayer Janus membranes for high-resolution cryo-EM structure determination. (a) Schematic representation of biological
macromolecules (in blue color) adsorbed at the graphene—water interface. (b) Representative cryo-ET sections showing the distribution of
20S proteasome particles at the air—water interface (top row) and graphene—water interface (bottom row), respectively. (c) Spatial
distribution of 20S proteasome particles embedded in vitrified ice indicated by cryo-ET. Each red spot represents one 20S particle. (d)
Schematics showing the buckling of the ice film on the bilayer Janus and monolayer graphene, respectively. The buckling occurs if the
compressive stress (N) in ice exceeds a critical compression (Nj). (e) Particle motion on the bilayer Janus and monolayer graphene under
electron-beam radiation. Each point represents the average displacement of thousands of 20S proteasome particles, and the error bars result
from the observed values of 3 different times. (f) Overall density of the reconstructed 50S ribosome, colored by local resolution distribution.
The color bar is shown (unit, A). (g) Fourier shell correlation (FSC) plot of the 50S ribosome reconstruction. The resolution of 2.7 A was
estimated according to the criterion of FSC = 0.143. (h) Selected density regions with the corresponding atomic models docked. The bases
and phosphodiester bonds of RNA and side chains of amino acids can be clearly recognized.

beam-sensitive Li dendrite. Just like the protein denaturation
risk at the air—water interface, Li metal would rapidly corrode
after short air exposure.*® Thus, we directly deposited Li
dendrites onto the Janus graphene grid in a Li battery to
preserve the native state of Li dendrite using a reported cryo-
transfer method originated from structural biology.” As shown
in Figure 3e, the Janus graphene provided a high contrast for
the light Li metal. The solid electrolyte interphase (SEI) layer
formed during battery cycling can be clearly identified at the
periphery of Li dendrite. The SEI layer resembled a mosaic
structure with Li oxide heterogeneously distributed in the
organic amorphous matrix (Figure 3f and Figure S13),
agreeing with previous observations’ and demonstrating the
potential of bilayer Janus graphene for more general cryo-EM
applications.

Bilayer Janus Membranes for High-Resolution Cryo-
EM Structural Determination. To verify if the bilayer Janus
graphene membranes are suitable for high-resolution single-

particle cryo-EM, we prepared cryo-EM specimens of the
Thermoplasma acidophilum 20S proteasome and Esherichia coli
50S ribosome on our bilayer Janus graphene grids. As
illustrated by cryo-electron tomography (cryo-ET), the 20S
proteasome particles in vitrified ice tended to be mostly
adsorbed to the graphene—water interface (Figure 4a,b). The
particle adsorption preference for Janus graphene over the air—
water interface might help to prevent the denaturation and
preferential orientation problem in cryo-EM specimens.'®*”**
Moreover, the hydrophilic bilayer Janus graphene support
allowed us to achieve a thin ice layer with a thickness of ~25
nm (Figure 4c), which is suitable to embed protein particles
without introducing much extra ice noise.”®

We also measured the beam-induced particle motion on the
bilayer Janus graphene during cryo-EM imaging. The particle
motion degrades image quality and results in the most
information loss in cryo-EM.* According to the theory of
ice movement,”” the particle motion is mainly caused by the
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buckling of the ice layer (Figure 4d). Once the compression in
the ice layer exceeds a threshold value N, the ice layer will
buckle. The lowest critical compression, N, is described by

ER
124*(1 — %)

N, =

where E is the effective Young’s modulus of the graphene and
ice composite, a represents the radius of the uniform
homogeneous ice plate, h is the thickness of the ice, v is the
Poisson ratio, and A is a constant depending on the boundary
conditions of ice plate. Moreover, on the basis of the rule of
mixtures,”’ the composite Young’s modulus of graphene and
ice, Eg e I8

t, t
EG G + Eke Ice
tG + tIce tG + tlce

EG—Ice -

Here, E;.. and Eg are Young’s moduli for ice (~1 GPa) and
graphene (~1000 GPa), respectively. t. and tg are the
thicknesses of ice (~25 nm) and graphene (0.34 nm for
monolayer and 0.68 nm for bilayer), respectively. Thus, the
effective Young’s modulus of bilayer Janus graphene and ice
Ejpnus-1cer i estimated to be ~27.5 GPa, while that of monolayer
graphene and ice, Eygpopce iS ~14.4 GPa. Therefore, we
speculate that Nj in the ice on bilayer Janus graphene is
notably larger than that on monolayer graphene, which means
the particle motion can be reduced by increasing the thickness
of supporting film (Figure 4d). To verify this hypothesis, we
recorded the motion of proteins on the bilayer Janus and
monolayer graphene and found that the beam-induced motion
indeed decreased with the increased layer number of graphene
(Figure 4e). Similar results were observed when increasing the
thickness of amorphous carbon film,""** further proving that
the enhanced mechanical robustness is conducive to reducing
the beam-induced motion.

A cryo-specimen of the 50S ribosome on the bilayer Janus
graphene membranes showed a monodispersed distribution
with a high density (Figure S14). Two-dimensional class
averages of these particle images displayed fine details of the
50S ribosome in different views (Figure S14). After three-
dimensional (3D) classification and autorefinement, we got a
3D reconstruction of the 50S ribosome at a resolution of 2.7 A
(Figure 4f,g), which is good enough to assign the bases of RNA
and side chains of amino acids in the EM map (Figure 4h).
The final atomic model is in good agreement with the
previously reported result.”’

CONCLUSIONS

In conclusion, on the basis of the bilayer graphene with an
additional degree of freedom, we selectively modified the
topmost graphene surface as a functional layer for efficient
sample adsorption. The resultant bilayer Janus graphene
remained background-free for atomic-resolution imaging,
allowing the precise characterization of surface atomic
structures. The oxygen-pair configuration and oxygen-contain-
ing vacancy are frequently observed on the top layer of Janus
graphene, which may help get insight into the interactions
between particles and graphene supports. Meanwhile, the
bilayer Janus graphene maintained the mechanical robustness
of graphene, which is beneficial to the reduction of beam-
induced motion based on the theory of ice movement. Using
such bilayer Janus graphene as supporting film for structure

determination by single-particle cryo-EM, a near-atomic-
resolution reconstruction of 50S ribosome can be achieved.

Considering that the plasma-treated carbon films have been
used for a long time in the EM community, a similar plasma
treatment on the robust bilayer graphene will be widely
practical to prepare hydrophilic graphene support. The
densities of active sites are controllable by changing the
treatment time according to our MD simulations and Raman
spectroscopy. Moreover, the bilayer Janus graphene can
provide a versatile platform for further modification with
multiple chemical ligands. Besides being a specimen support
for high-resolution EM, the Janus graphene membranes also
hold promise in proton separations, biosensing, and electronic
devices.

EXPERIMENTAL SECTION

Growth of Bilayer Graphene Films. The bilayer graphene film
was grown on commercial copper foil (Alfa-Aesar No. 46365) by low-
pressure chemical vapor deposition (LPCVD, Figure S16). The
copper foil was first polished in electrolyte solution composed of
phosphoric acid and ethylene glycol (v/v = 3:1) for 30 min to clean
the copper foil. Then the copper foil was placed on a quartz substrate
in LPCVD system and annealed at 1030 °C for 30 min in 100 sccm
H,. To grow bilayer graphene film, a flow of 1000 sccm H, and 1
sccm CH, was subsequently pumped into the LPCVD system with a
pressure of ~2000 Pa and maintained for 0.5—1 h. After growth, the
graphene film on the copper foil was rapidly cooled to ~500 °C. Then
the supply of H, and CH, were stopped, and 500 sccm CO, was
introduced into the LPCVD system to clean the bilayer graphene
surface at ~500 °C for 3 h.”’

To increase the growth rate and coverage of bilayer graphene, we
used the H,/CH, ratio of 1000:1 and pressure of 2000 Pa in the CVD
system, and the coverage of bilayer graphene was more than 80%
(Figure S15). In contrast, the H,/CH, ratio and pressure for
monolayer graphene growth were 100:1 and 100 Pa, respectively.

Preparation of Janus Bilayer Graphene Membranes. To
avoid polymer contamination induced in the preparation process, the
clean bilayer graphene grids were fabricated according to the polymer-
free clean transfer method of monolayer graphene single-crystal films,
as we previously reported.’® Briefly, we placed a TEM grid
(Quantifoil, Au-300 mesh-R1.2/1.3 or R2/1; UltraAuFoil, 300
mesh-R1.2/1.3) on the graphene/copper sample. Then ~10 uL of
isopropanol (IPA) was dropped onto the sample. After the
evaporation of IPA, the TEM grid was tightly attached to the
graphene/copper. Subsequently, the grid/graphene/copper composite
was gently placed on the surface of 1 mol/L (NH,),S,Oj solution to
etch the copper substrate. One hour later, the copper foil was
completely etched off and the graphene was attached onto the surface
of the grid. Then the grid was rinsed in the deionized water for three
times to eliminate the inorganic salts on the graphene surface. After
being dried in the air, the graphene grid was obtained.

To prepare bilayer Janus graphene membranes, the graphene grids
were placed in a chamber of reactive ion etcher (Pico SLS, Diener),
where the gas species, gas flow rate, treatment time, and power can be
adjusted. Then a flow of 1 sccm oxygen was pumped into the
chamber, and the oxygen plasma was generated with a low-energy
power of 80 W. By controlling the plasma-treatment time, the bilayer
Janus graphene with a desirable density of active sites can be achieved.
Note that the plasma cleaner (such as PDC-32G, HARRICK
PLASMA) can also be adopted as the alternative reactive ion etcher
instrument, and we normally treated the graphene grids for 10—15s at
the low-power mode.

Storage of Graphene Grids. To avoid the hydrocarbon or other
contaminations in the air, the graphene grids were sealed in a vacuum
bag with commercial plastic-envelop machine (MS17S, Magic Seal),
and stored in a dry vacuum reservoir.

MD Simulation. Molecular dynamics (MD) simulation in this
study was carried out using the LAMMPS (large—scale atomic/
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molecular massively parallel simulator) software package** to simulate
the etching process of bilayer graphene. The MD results were
visualized using OVITO software.” In the simulation, 1000 oxygen
atoms were randomly dispersed within a domain of 54 A X 63 A X 40
A in the middle of the whole simulation box. Then, two AB-stacked
bilayer graphene sheets (with in-plane dimensions of 54 A x 63 A)
were positioned above and below the oxygen domain, respectively
(see Figure 2a. Only the bottom bilayer graphene sheet was depicted,
for brevity.). The distances between oxygen and carbon atoms were
managed to be at least 1 nm to avoid unrealistic carbon—oxygen
bonds at the beginning. The dimensions of the simulation box were
54 A X 63 A X 72 A, and periodic boundary conditions were
employed. Since the model was constructed symmetrically along the
oxygen-domain thickness direction, we mainly inspect and visualize
the reactions between oxygen atoms and the bottom bilayer graphene
sheet.

The reactive force field (ReaxFF) implemented in the LAMMPS
package was employed to describe the interactions between carbon
and oxygen atoms.*® The Nosé—Hoover thermostat and barostat
were used to control the temperature and pressure, and a time step of
0.2 fs was used. At first, two bilayer graphene sheets were equilibrated
at 300 K for 2 ps in the isothermal—isobaric (NPT) ensemble to
release the initial stress while all oxygen atoms were fixed. After that,
random velocities were assigned to oxygen atoms corresponding to a
temperature of 300 K. Then, the system ran for 30 ps in the
microcanonical (NVE) ensemble to simulate the etching process.

Cryo-EM Specimen Preparation. For cryo-EM specimen
preparation, ~4 uL of 20S proteasome (0.3 uM) or S0S ribosome
solution (0.5 #M) was pippeted onto freshly glow-discharged Jannus
graphene grids and blotted by filter papers for 3—4 s in a Vitrobot
(Thermo Fisher Scientific), with the temperature at 8 °C and
humidity at 100%. Afterward, the grids were immediately plunge-
frozen into liquid ethane at liquid-nitrogen temperature and kept in
liquid nitrogen for further cryo-EM analysis.

Single-Particle Cryo-EM Data Collection and Analysis. Cryo-
EM data sets were collected on an FEI Titan Krios (300 kV) TEM
(Thermo Fisher Scientific) equipped with a Gatan K3 Summit direct
electron detector camera. For single-particle cryo-EM reconstruction
of the 50S ribosome, we acquired 3424 micrographs using
AutoEMation2 software,*” with the defocus range from —0.9 to —2
um and pixel size of 1.08 A. All of the micrographs were dose-
dependently fractionated into 32 frames with the total dose of 50 e~
A~? and motion-corrected by MotionCor2 package.*® We next used
CTFFIND4" to estimate the CTF parameters of every micrograph
and autopicked protein particles in Relion3.1.°° After 2D and 3D
classification, particles grouped in bad classes were discarded, and
432,670 particles were left for further 3D refinement. The final
reconstruction resolution was reported as 2.7 A according to the FSC
= 0.143 criterion after postprocessing in Relion3.1. 50S ribosome
atomic model (PDB: 6PC6) was fit into the map in UCSF Chimera*®
using its “fit in map” function, and all of the structural figures were
made by UCSF Chimera. For measuring particle displacements on the
graphene membrane, the motion-corrected movies and iteratively
refined particles were applied for Bayesian polishing in Relion3.0°° to
determine the particle coordinates in individual frames, which were
used to calculate the root-mean-squared displacements and plotted vs
dose. To make the conclusion statistical, we performed three
measurements, every one of which was based on 2000 particles
from 8 to 10 micrographs.

Cryo-electron Tomography. Cryo-ET micrograph tilt series was
acquired on a Titan Krios (300 kV) TEM (Thermo Fisher Scientific)
equipped with a Gatan K3 Summit direct electron detector camera
and obtained from +51 to —51° with a step of 3° by SerialEM
software.”’ The defocus was set as —5.0 ym when imaging. For each
series, the total exposure dose was ~100 e/A% and the pixel size was
1.77 A. The title series was imported into IMOD®* for alignment and
reconstruction. The final reconstruction was visualized and analyzed
in UCSF Chimera.

Characterization of Graphene Membranes. The HAADF
images of Janus bilayer graphene membranes were acquired by
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monochromatic Nion U-HERMES 200 electron microscope operated
at 60 kV. The convergence semiangle (a/2) was 35 mrad, and the
collection semiangle (f3/2) was 80—210 mrad. The raw images were
further convoluted by a two-dimensional Gaussian function (Gaussian
blur) to minimize the noise and improve the contrast. Raman
spectrometer (532 nm, LabRAM HR-800, Horiba), SEM (accel-
eration voltage, 1—2 kV; Hitachi S-4800), cryo-SEM (Helios
NanoLab G3 UC, ThermoFisher Scientific, equipped with a Quorum
PP3010T refrigeration system), and water contact angle measurement
(Dataphysics OCA 20) were used to investigate the structures and
properties of graphene membranes.

AFM Nanoindentation. The mechanical properties of suspended
graphene membranes were measured by nanoindentation experiments
using Asylum Cypher ES atomic force microscopy. A single-crystal
diamond probe with a tip radius of approximately 10 nm was used,
and the cantilever stiffness was 30.85 N m™ calibrated using the Sader
method.*® A constant deflection rate of 4 gm s~ was used in all of the
tests.

The prestress and elastic modulus were extracted from the
indentation force vs depth data, using the previous model by Lee et

al.>*
3
F = (n67°)8 + (th—2]53
r

where F is the applied load; og® is the two-dimensional prestress of
nanosheets; 6 is the indentation depth; r is the radius of microwells;
and t is the nanosheet thickness. The dimensionless constant g = 1/
(1.05 — 0.151)5 — 0.160,%), in which v, = 0.16, is the Poisson ratio
for graphene.’

Deposition of Lithium Dendrites onto the Janus Bilayer
Graphene Membranes. Lithium dendrites are deposited on Janus
bilayer graphene grids through an in situ electrochemical method.
CR2016-type coin cells were assembled in a glovebox filled with
argon. A bilayer Janus graphene grid was placed on a copper foil
current collector as the working electrode paired with a piece of
lithium metal as counter/reference electrode. 1.0 M LiPFy in ethylene
carbonate, dimethyl carbonate, and diethyl carbonate (1:1:1 EC/
DMC/DEC in volume, Guotaihuarong Co. Ltd.) was added as an
electrolyte. The amount of electrolyte is controlled as 40 L. Lithium
deposition on the graphene grid was conducted in a LAND CT
2001A battery system at 0.25 mA cm™ for 4 h to achieve an areal
capacity of 1 mAh cm™

Stability Test of Graphene Membranes. The graphene
membrane was continuously radiated at the same position under
the electron beam with a dose rate of ~204.76 (e/A?)/s in Tecnai
F20 microscopy (200 kV), and we discretely collected its selected area
electron diffraction patterns on a CCD camera (Gatan US4000) from
0 to 70 min. Afterward, we calculated the relative diffraction intensity
defined by the ratio of the integrated intensity of the third-order
diffraction spots over that of the first-order diffraction spots and
plotted it vs electron dose to demonstrate the stability of the graphene
grid under the electron beam.
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