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1. Sample Preparation

The Pt(111) surface was cleaned by cycles of Ar* ion sputtering (energy of 1.2-1.8 keV under a
preparation chamber pressure of 3x10® mbar for 10 min) and high temperature annealing using a
home-made radio frequency heater. The surface was exposed to oxygen atmosphere (under a
preparation chamber pressure of 5x10® mbar for 15 min) prior to the first annealing cycle to remove
the carbide impurities. During the annealing procedure, the system was heated at a temperature of
1,400 K for a period of 20 min. Following this surface preparation step, monolayer polycrystalline
graphene (PolyGr) was grown by means of high-temperature flash in ultrahigh vacuum (UHV). The
sample was heated to a temperature of 1,073 K, and high purity ethylene was dosed onto the hot
Pt(111) surface directly using a nozzle for 2 min under a preparation chamber pressure of 2x10%
mbar. After that, the sample was kept at 1,073 K for an extra 20 min, followed by a slow cooling
down process to room temperature at a rate of 1 K/sec. Figure S1 presents an example of a non-
contact atomic force microscope (NC-AFM) topography map of (a) an atomically clean Pt(111)
surface prior to graphene growth, and (b) the same surface (but different location) after the graphene

growth process.

Figure S1. Sample surface characterization. Topographic images of an atomically clean Pt(111)
surface (a) prior to and (b) following graphene growth. Insets show the height profiles across a
single atomic step edge (orange curves) measured by NC-AFM. Measurement parameters: A, =

3nm and Af;s = —14 Hz in panel (a) and A;5; = 3 nm and Af;g; = —15 Hz in panel (b).
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2. Tip Preparation and Characterization

The AFM probe (PPP-CONT, Nanosensors) used for the friction measurements was annealed in
UHYV at a temperature of 473 K for several hours to remove residual contaminants from the tip
surface prior to performing the friction force measurements. This was followed by Ar* ion sputtering
of the tip for 2 min to remove the native silicon dioxide covering the tip. The normal and lateral
forces acting on the probe were calibrated according to the procedures described in Ref. 1. Scanning
electron microscopy (SEM) was used to determine the dimensions of the cantilever and tip radius
(typically less than 7 nm), as shown in Fig. S2.

Nano Imaging Lab  HV:10 kV

Figure S2. SEM characterization of the AFM probe. (a) Dimensions of the cantilever and the height
of the tip. (b) Zoom-in image of the tip.

S3



3. Determination of Grain Boundary Angle

The GB angle 6.5, i.e., the relative orientation configuration between two neighboring grains, is
determined by fast Fourier transform (FFT) analysis of the atomic structures of the PolyGr layer
provided by high-resolution characterization images (see, e.g., Fig. S3). The GB misfit angle, g5,
is obtained by measuring the angle between the two rotated FFT patterns (see white arrows in Fig.
S3b), yielding, in this case, Ogg = 21.43 + 0.66°. The inner bright area in the FFT image is related

to the long-range moiré superstructures.

FFT

Figure S3. Characterization of the misfit angle of the GB appearing in Fig. 1c of the main text. (a)
High-resolution NC-AFM image of the moiré and atomic structure near a GB of a PolyGr surface
using the torsional frequency shift Afrg mode (same as Fig. 1c of the main text). (b) FFT of panel
a, giving a GB misfit angle of 855 = 21.43 + 0.66°.

In addition, GB misfit angles have been determined independently using atomic resolution contact
AFM lateral force maps and high-resolution low-temperature (< 5K) scanning tunneling
microscope (LT-STM) topography images. Fig. S4a presents such a high-resolution lateral force
map for the GB appearing in Fig. 2a of the main text, the misfit angle of which is determined via
FFT analysis (Fig. S4b) to be 855 = 2.35 + 0.10°.

For small angle GBs (6gg < 10°) with discrete dislocations, each GB dislocation can form an
individual upward protrusion.? This allows us to validate the FFT determination of the GB misfit
angle by comparing the extracted 6.5 values to those obtained independently from the periodic

distance, D, between neighboring GB protrusions, using Frank’s equation:*
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_ : |5(1,0)|
Ogg = 2 arcsin T (S1)

Here, 5(1,0) is the Burgers vector of the most common edge-sharing heptagon-pentagon pair

dislocation in graphene (|b(,0)| = 2.46 A, see Fig. S5a). For the GB appearing in Fig. S4a, periodic
features (e.g., grey dots on the left of the GB) separated by D = 5.34 + 0.23 nm are observed.
Substituting this value into Eq. S1, we obtain a theoretical estimation of the GB angle of 655 =

2.64°, in good agreement with our FFT analysis value of 65z = 2.35 £+ 0.10".

FFT

Figure S4. Characterization of the misfit angle of the GB appearing in Fig. 2a of the main text. (a)
High-resolution lateral force map of the GB region. The averaged distance between neighboring
dislocations is D = 5.34 + 0.23 nm, yielding a misfit angle of ;5 = 2.64°, via Eq. S1. (b)
Corresponding FFT analysis of panel a, giving a GB angle of 855 = 2.35 + 0.10".

The summarized experimental results of D vs. 6, (obtained via FFT analysis) as well as the
corresponding predictions from Eq. S1 are presented in Fig. S5b. The good agreement between the
experimental results and the theoretical predictions from Eq. S1, especially in the low GB misfit
angle regime, further validates our experimental determination of the GB misfit angle. Furthermore,
it also suggests that the GBs obtained in this study are mainly of (1,0) type (see Fig. S5a) heptagon-
pentagon pair dislocation, the Burgers vector of which was used for the determination of the misfit

angle via Eq. S1.
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Figure S5. Relation between GB misfit angle and inter-protrusion distance. (a) Illustration of the
(1,0) type pentagon-heptagon dislocation and its corresponding Burgers vector. (b) Inter-protrusion
distance dependence on the GB misfit angle as obtained using FFT analysis of high-resolution
topography maps (symbols) compared to the theoretical prediction of Frank’s equation (red line, Eq.
S1). Error bars represent the corresponding standard deviation obtained by performing at least 3 to

5 independent measurements.
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4. Characterization of Additional Grain Boundaries

In the main text, we presented the analysis of two GBs. Here, we provide LT-STM results for
additional GBs of different misfit angles. The experiments were carried out using a commercial low
temperature (~5 K) gqPlus STM/AFM instrument (Omicron GmbH) operated with Nanonis RC5
electronics, which prevents thermal drifts. The polycrystalline graphene samples were transferred
from the room-temperature UHV AFM apparatus into the low-temperature STM/AFM system via
an UHV transfer suitcase (Ferrovac, base pressure of < 5x1071% mbar). Before the STM measurement,
a soft annealing process was conducted at a temperature of 400 K for 10 min to remove potential
contaminants. All STM images were acquired in the constant-current mode. Based on FFT analysis
of the LT-STM topography images, we identified a series of GB angles in the range of 2—28° (see
Figs. S6-S10).

(a)

FFT

Figure S6. Characterization of a GB with misfit angle of 655 = 2.25 £ 0.09°. (a) High resolution
LT-STM image showing the moiré and the atomic structure on both sides of a GB. The average
distance between neighboring GB protrusions is D = 5.74 + 1.15 nm. (b) The corresponding FFT
map. The white arrows mark the two rotated FFT patterns associated with the atomic lattices of the

two grains. Measurement parameters: Vi;, = 3mV and I = 1 pA.
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Figure S7. Characterization of a GB with misfit angle of 655 = 8.15 £ 0.76°. (a) High resolution
LT-STM image showing the moiré and the atomic structure on both sides of a GB. The average
distance between neighboring GB protrusions is D = 1.52 + 0.12 nm. (b) The corresponding FFT
map. The white arrows mark the two rotated FFT patterns associated with the atomic lattices of the

two grains. Measurement parameters: Vy;, = 12 mV and I = 50 pA.

FFT

Figure S8. Characterization of a GB with misfit angle of 655 = 8.96 + 0.63°. (2) LT-STM image
showing the moiré superlattices at the two grain regions. (b) High resolution LT-STM image
showing the moiré and the atomic structure on both sides of the same GB. The average distance
between neighboring GB protrusions is D = 1.51 + 0.15 nm. (c) The corresponding FFT map. The
white arrows mark the two rotated FFT patterns associated with the atomic lattices of the two grains.

Measurement parameters: Vy;, = 8 mV and I = 50 pA.

S8



FET

Figure S9. Characterization of a GB with misfit angle of 8gg = 21.94 + 0.78°. (a) High resolution
LT-STM image showing the moiré and the atomic structure on both sides of a GB. (b) The
corresponding FFT map. The white arrows mark the two rotated FFT patterns associated with the

atomic lattices of the two grains. Measurement parameters: V;;, = 8 mV and I = 50 pA.

Figure S10. Characterization of a GB with misfit angle of 655 = 27.31 £ 0.75°. (a) High resolution
LT-STM image showing the moiré and the atomic structure on both sides of a GB. (b) The
corresponding FFT map. The white arrows mark the two rotated FFT patterns associated with the

atomic lattices of the two grains. Measurement parameters: Vi;, = 28 mV and I = 50 pA.
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5. Enerqy Dissipation Route and Average Friction Calculation

In addition to the atomic scale topography characterization, the averaged lateral force map (obtained
as half of the difference between the lateral forces measured at each location during forward and
backward scanning) shows higher friction patterns along at the GB region (see Fig. S11). These
patterns match the topography features, indicating that the major contribution to the energy
dissipation originates from the upward protrusions of corrugated graphene GB. Since these are the
dominating friction contributions, the inclusion of bulk grain areas in the average friction calculation
over the entire square domain presented has a minor effect on our conclusions of the GB frictional

behavior.

Figure S11. Averaged friction force map measured at the GB region presented in Fig. 2 of main

text.
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6. Reproducibility and Additional Grain Boundary Friction Measurements

In the main text, we presented results of frictional measurements on a corrugated GB of misfit angle
Ocg = 2.35 + 0.10°, demonstrating unconventional negative friction coefficients (NFCs) and non-
monotonic velocity dependence. To verify the reproducibility of these observations, we repeated
our measurements on a different corrugated GB with misfit angle of 855 = 14.42 + 0.47° (Fig.
S12a). As shown in Figs. S12b-S12d the typical lateral force loops measured at different normal
loads, reveal that frictional energy dissipation emerges mainly over the GB region, showing a
significant reduction with increasing normal load, similar to Fig. 2c-e of the main text. Furthermore,
both the negative slope of the load dependence and the non-monotonic velocity dependence of the
measured friction for this system are fully reproduced, in agreement with the results presented in
Fig. 2f-g of the main text. Similar NFC behavior is observed also for a ;5 = 1.39 + 0.11°
corrugated GB (see Fig. S13). Therefore, we conclude that the revealed frictional properties of

corrugated GBs are of general nature and not limited to a specific system.

As a separate validation test, we present in Fig. S14 five independent measurement repetitions of
the friction force velocity dependence over the ;g = 2.35 + 0.10° corrugated GB. The results
demonstrate a relatively narrow spread thus signifying the reproducibility and robustness of our GB

friction measurements.

To validate that the non-monotonic velocity dependence of the friction force is associated with the
negative differential friction coefficient region, we repeated those measurements for the 655 =
2.35 + 0.10° under a normal load of 5 nN, corresponding to the plateau region in Fig. 2f. Fig. S15,
demonstrates clear monotonic logarithmic increase of the friction force with sliding velocity in this
region. We note that when comparing the friction force measured at a sliding velocity of 41.9 nm/s
and a normal load of 5 nN to the corresponding value appearing in Fig. 2f, we obtain a somewhat
lower value (by ~ 2 pN) for the former. This may be attributed to probing different GB regions in
different measurements. Similar minor deviations are also observed between panels of Fig. 2f and

2¢g in the main text.
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Figure S12. Frictional measurements reproducibility. (a) Lateral force map for the g = 14.42 +
0.47° corrugated GB, measured under a normal load of 5.7 nN and a sliding velocity of 292.9 nm/s.
(b)-(d) Forward (black) and backwards (red) lateral force traces measured under low (0.5 nN),
medium (5 nN), and high (9 nN) normal loads, respectively. (e) Load and (f) velocity dependence
of the measured friction force between the sliding AFM tip and the same graphene GB. Error bars
represent the corresponding standard deviation obtained by performing at least 5 to 6 independent
scans. The fitting parameters of the phenomenological model in panels b (green line) and ¢ (purple
line) are: T = 300 K, E; = 0.1eV, E, = 0.17 eV, Ax = 10.8 A, @ = 0.1 eV/GPa, B = 0.5, ¢, =
0.01eV,N =2, ky = 0.032 N/m f, = 4.88 kHz, F, = 10 pN (see model description in the main
text).
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Figure S13. Frictional load dependence measurement reproducibility. (a) Lateral force map for the
Ocg = 1.39 + 0.11° corrugated GB measured under a normal load of 7 nN and a sliding velocity of
130.2 nm/s. (b) Load dependence of the measured friction force between the sliding AFM tip and
the same graphene GB. Error bars represent the corresponding standard deviation obtained by
performing 3 independent scans. The fitting parameters of the phenomenological model in panels b
(blue line) are: T = 300 K, E; = 0.16 eV, E, = 0.26 eV, Ax = 10.8 A, a = 0.4 eV/GPa, § = 0.3,
co =0.01eV,N =1,k, =0.056 N/m f, = 39.06 kHz, F, = 7 pN (see model description in the

main text).
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Figure S14. Frictional velocity dependence measurement reproducibility. Five independent
measurement repetitions are performed on the 8¢5 = 2.35 £+ 0.10° corrugated GB. The average and

standard deviation of these results are presented in Fig. 2g of the main text.
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Figure S15. Velocity dependence of the measured friction force between the sliding AFM tip and
the ;g = 2.35 + 0.10° GB presented in Fig. 2 of main text under a normal load of 5 nN,
corresponding to the friction plateau regime of Fig. 2f of main text. Error bars represent the
corresponding standard deviation obtained by performing 5 independent scans. The solid line

represents logarithmic fitting as a guide for the eye.
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7. Molecular Dynamics Simulations

7.1 Simulation setup and protocol

The simulation protocol used in the present study is similar to that used in Ref. 5. The molecular
dynamics (MD) simulation model system consists of a spherical-cap shaped diamond tip (2.3 nmin
height, 5 nm in radius at the cut surface) sliding atop a PolyGr layer supported by a 1.36 nm thick
Pt(111) substrate, as shown in Fig. S16a. Note that we use a diamond tip model rather than silicon,
as used in the experiment, due to the structural simplicity of the former. Since the frictional energy
dissipation mechanism of corrugated GBs relies on intrinsic protrusion buckling/unbuckling
processes, the specific identity of the tip is expected to have a minor effect on the results. To
rationalize the experimental results, we generate two PolyGr model systems with GB misfit angles
of 65z = 2° and 27.8°, matching the experimentally studied corrugated GBs. To that end, we use a
Voronoi tessellation method developed by Shekhawat et al.%” The lateral dimensions of the PolyGr
layers with 6 = 2° and 27.8° are 29.4x28.1 and 30.0x27.7 nm?, respectively. The PolyGr layers
are then placed on a laterally periodic Pt(111) substrate of lateral dimensions of 41.6x40.8 nm? and
thickness of 1.13 nm with the bottom layer atoms fixed at their positions, such that the left grain is
aligned with the lattice direction of the Pt(111) surface, leading to moiré superstructures period of
~2.2 nm. Correspondingly, the superstructure periods of the right grain are ~2.0 nm for a GB misfit
angle is g = 2°, and close to the atomic lattice period for 6c5 =27.8°, consistent with the

experimental configurations shown in Figs. 2a and 3a of the main text.

Prior to the dynamical simulations, the PolyGr/Pt(111) system is annealed at a temperature of 1,000
K, then the spherical-cap shaped diamond tip is placed on the left grain at a lateral distance of ~7
nm from the GB and at a height of 3.3 A. To maintain the shape of the tip, the top two layers of the
spherical-cap are kept rigid, while the rest tip atoms are unconstrained (see Fig. S16b). A dummy
atom mimicking a moving stage is coupled to the center of mass of the rigid section of the tip via a
lateral spring with stiffness of 10 N/m. The geometry of the combined system is then further relaxed
under an external normal load (the same load used in the corresponding dynamic simulation) using
the FIRE algorithm®® with a convergence force criterion of 10~* eV/A. The normal load is enforced
by applying a vertical constant force on each of the atoms in the rigid section of the tip, with
magnitude ranging from 0 to 0.01 nN/atom, corresponding to an overall normal load in the range of
0 to 24.4 nN.

The zero-temperature dynamic simulations are performed by driving the diamond tip with the

dummy atom moving at a constant velocity of v, = 2 m/s along the x lateral direction. To remove
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the generated heat, viscous velocity damping with a damping coefficient of n = 1.0 ps is applied
to flexible regions of the tip and the Pt(111) substrate far away from the sliding interface (see Figure
S16b). To that end, damping forces féamp'tip(t) and féamp_Pt(t) are applied to each atom, i, within

the damped regions in the tip and the Pt substrate, respectively, via:

{féamp,tip(t) = —mcﬂ(vi(t) - Uo)ﬁ - mcﬁvfz (t)S\' - mcnvzi (t)i (SZ)

féamp,Pt(t) = —Mp¢ Za:x,y,z Tlvé (t) a

Here, m¢ and mp, are the atomic masses of carbon and Pt, respectively, v (t) is the a Cartesian
velocity component of the damped i atom at time t, and @ = &, ¥, 2 are unit vectors along the
Cartesian x, y and z directions, respectively. Note that the damping in the sliding (x) direction in
the tip is applied to the relative velocity with respect to the moving stage, accounting for the fact
that in realistic scenarios viscous dissipation is caused by the internal degrees of freedom of the
sheared bodies. We verify that our choice of damping coefficient has minor effect on the dynamics
at the shear interface.?

To prevent global sliding and/or rotation of the PolyGr layer due to the tip motion, two ribbons of
outskirt carbon atoms at the two parallel sides in the PolyGr layer (see stripes regions in Fig. S16)
are constrained to their initial position via lateral springs of stiffness 0.176 N/m. For each normal
load and GB angle, the dynamic simulation last for 7 ns, which allows us to eliminate initial transient
effects. The lateral force traces are obtained by recording the instantaneous spring force exerted on
the dummy atom along the sliding direction and inverting its sign. The average friction force is
calculated by averaging the forward and backward force traces over distances of 6.5 and 6 nm,

spanning the 6gg = 2° and 27.8° GBs, respectively, as shown in Fig. S17.
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Figure S16. MD simulation setup. (a) Perspective view of the simulation model system with 6gg =
2°. (b) Side view of the tip region presented in panel (a). Brown, orange, and yellow spheres in the
substrate region represent rigid, dampened, and flexible Pt atoms. Light-gray, cyan, and dark-gray
spheres in the tip region represent rigid, dampened, and flexible carbon atoms. The unconstrained
graphene layer atoms are color coded according to their out-of-plane corrugation (see color bar in
panel (a)), and the constrained graphene atoms are represented by purple spheres.
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Figure S17. Lateral forward (black) and backward (red) force traces as a function of sliding distance
over the (a) 6cg = 2° and (b) ;g = 27.8° GBs under zero normal load. The region between the

dashed vertical lines is used to calculate the average friction force.
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7.2 Additional simulation results

Complementary to the simulation trajectories shown in Fig. 4e of the main text, we present in Fig.
S18 additional trajectories of atomic height and vertical velocity for a chosen atom at a dislocation
of a Bgg = 2° GB. The results demonstrate that as normal load increases, the instantaneous buckling
velocity decreases until the trajectories become smooth. Consequently, the buckling induced energy

dissipation reduces with increasing normal load.
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Figure S18. Additional simulation trajectories of (a) atomic height and (b) vertical velocity, under

different normal loads, of an atom residing at a dislocation of a 655 = 2° GB.

7.3 Simulation parameters for carbon-Pt interactions

In view of the lack of anisotropic potentials for carbon-Pt interactions, we use the Lennard-Jones
(LJ) potential, which was shown to provide satisfactory qualitative interpretation of complex
frictional mechanisms of graphene on various substrates.>!2 Our choice of LJ parameters is
primarily based on benchmarking the binding energy AE}, and equilibrium distance d against
available experimental and computational (using density functional theory (DFT)) reference data.

Experimental and DFT data for the graphene/Pt(111) interface are summarized in Table S1, along
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with previous structural relaxation results based on the LJ potential. Most previous DFT calculations
predict adsorption energies in the range of AE, = 30 — 90 meV/C,**® and equilibrium distances

of 3.1-3.8 A. Experimental data suggest an equilibrium graphene/Pt(111) distance of 3.3 A.*7

We note that several studies using the LJ potential for the graphene/Pt interface overestimated the
binding energy and underestimated the equillibrium distance with respect to DFT and experimental
reference data.'®!® Moseler et al.'° used the following set of LJ parameters: ec_p; = 0.011236 eV
and oc_p, = 3.408 A, fitted against the DFT reference of AE, = 68 meV/C* and the experimental
reference of d = 3.3 A7 with a LJ cutoff distance of R.,; = 6 A. The latter, however, may be too
small to fully capture long-range van der Waals contributions. Hence, in the present study, we adopt
the following alternative set of parameters: ec_py = 0.006 eV and oc_p; = 3.35 A with a LJ cutoff
distance R.,c = 12 A. This parameterization provides a binding energy of AE, = 48.4 meV/C and
an equilibrium distance d = 3.3 A, in good agreement with vdW-DF and vdW-DF2 results**6 and
the experimental equilibrium distance.r” Furthermore, the moiré superstructure periodicity and
corrugation obtained using this force-field (see Figs. 4a-b of the main text) are compatible with our
experimental results and with previous experimental observations.'® This supports the suitability of
our LJ potential parameterization for studying the frictional behavior of PolyGr layers deposited
atop the Pt(111) surface.
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Table S1. Binding energies (AE,) and equilibrium distances (d) obtained for the graphene/Pt(111)

interface via DFT and classical Lennard-Jones force-field calculations. For the latter, the

corresponding potential parameters are provided. An available experimental result for the

graphene/Pt(111) equilibrium distance is provided for comparison.

Reference gc_pt (eV) | oc_p(R) | AE,(meV/C) d(A) Ro(A) method
Khomyakov et al.
(2000)% 38 33 DFT(LDA)
_ 52 3.8 DFT(vdW-DF)
Hamada & Otani 54 3.71 DFT(vdW-DF2)
(2010) 89 3.17 DFT(vdW-DF%%)
68 3.24 DFT(vdW-DF2°0%)
Gao et al. (2011)%° 38.6-39.8 >3.1 DFT
Martinez et
a1, (2016) 240-290 3.13-3.23 DFT(rPBE+D)
Mortensen et al. 43 3.67 DFT(vdW-DF)
(2010)*° 33 3.25 DFT(LDA)
Sutter et al. (2009) 3.3 Exp.
Mo”(oz"(‘)’og;)%“o'o 0.02206 2.95 128 2.91 9 MD
. 3.05
19
Mi et al. (2020) 0.4092 2.936 237 (2.804)° 9 MD
3.3
68 (66) 6
Moseler et al. (3.408)?
(2014)1° 0.011236 3.408 @8y (3.36) 5 MD
(94) (3.354) 12
This study 0.006 3.35 48.4 3.3 12 MD

4The values in parentheses are results of our calculations obtained using the LJ parameters provided

in the cited studies with various R, values, as detailed in the table.
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