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ABSTRACT

Nanoscale mechanical properties measurement of porous nanosheets presents many
challenges. Herein we show atomic force microscope (AFM) nanoindentation to probe the
nanoscale mechanical properties of a 2-D metal-organic framework (MOF) nanosheet material,
termed CuBDC [copper 1,4-benzenedicarboxylate]. The sample thickness was ranging from ~10
nm (tens of monolayers) up to ~400 nm (stack of multilayers). In terms of its elastic-plastic
properties, the Young’s modulus (E ~ 22.9 GPa) and yield strength (oy ~ 448 MPa) have been
determined in the through-thickness direction. Moreover, we have characterized the failure
mechanisms of the CuBDC nanosheets, where three failure mechanisms have been identified:
interfacial sliding, fracture of framework, and delamination of multilayered nanosheets.
Threshold forces and corresponding indentation depths corresponding to the failure modes have
been determined. To gain insights into the failure mechanisms, we employ finite-element models
with cohesive elements to simulate the interfacial debonding of a stack of 2-D nanosheets during
the indentation process. The nanomechanical AFM methodology elucidated here will be

pertinent to the study of other 2-D hybrid nanosheets and van der Waals solids.



I. BACKGROUND

Because the underlying structure of crystalline nanomaterials controls their functions,
understanding the fundamental structure-property relations is important to enable practical
applications of new materials."* Amongst two-dimensional (2-D) nanomaterials, we will focus
on metal-organic framework (MOF) nanosheets which show benefits in several potential
applications. For example, novel devices constructed from 2-D nanosheets show good tunability
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and efficacy in capacitance,>® energy conversion,” electrocatalysis,® luminescence,” and gas

separation.® While there are predictions of certain mechanical properties of 2-D structures at

11,12

nanoscale using theoretical techniques such as density functional theory and molecular

dynamics,'*'® hitherto, there is no rigorous experimental studies for quantifying the nanoscale
mechanical properties of porous MOF nanosheets encompassing the elastic-plastic regime. Lack
of systematically characterized experimental data of mechanical behavior is one of the factors
that hinders confident evaluation of the practicability of MOF nanosheets. The mechanical
property characterization of nanosheets via an experimental approach is complicated owing to
the mutual interplay between the adjacent nanosheets (viz. interlayer interactions),” not to
mention other major obstacles, such as the difficulties with small sample preparation, precise

implementation of the fine-scale measuring techniques, and accurate interpretation of structural

failure data.

A number of mechanical characterization experiments on nanosheets have been reported
to date, where the depth-sensing indentation techniques have been employed.'** This includes
the use of atomic force microscope (AFM)-based nanoindentation and the instrumented

nanoindentation techniques.®® Thus far, studies have concentrated on either the ultra-stiff



nanosheets, in particular graphene (Young’s modulus, E ~1 TPa)***** and boron nitride (E
~250 GPa),"”*® or the very soft biological samples such as protein nanosheets.?> Although there
are a few experiments performed on nanosheets with stiffness in the range of a few gigapascals
to tens of gigapascals, such as the dense 2-D hybrid framework of Mn 2,2-dimethylsuccinate
nanosheets (E = 9.4 —20.9 GPa depending on crystal orientation due to anisotropy)®® and the
bismuth telluride nanosheets (E = 11.7 — 25.7 GPa),” very few studies have systematically
explored the mechanical behavior of porous MOF nanosheets. There is a report on the AFM
nanoindentation of large flakes of [Cu(p-pym.S,)(p-Cl)l» MOF nanosheets, where the 2-D
samples were suspended over a holey SiO, substrate and probed by an AFM tip in bending mode

to estimate its Young’s modulus and rupture stress.*

In this work, we demonstrate a direct AFM-based nanoindentation approach (unlike the
foregoing AFM bending method)*>* to achieve quantitative study of the nanoscale mechanics of
porous 2-D MOF nanosheets. Using a combination of indentation measurements and finite-
element modeling, we have determined not only the elastic-plastic properties, but also gained a
deeper understanding of the specific deformation mechanisms responsible for structural failures
of 2-D nanosheets. It is envisaged that the methodology and analysis exemplified in this study

will be applicable to characterize a vast range of topical 2-D van der Waals materials.*!

II. Characterization of 2-D CuBDC Metal-Organic Nanosheets

The copper 1,4-benzenedicarboxylate (CuBDC) nanosheets, an example of MOF
nanosheets, has been selected as the model material to develop the AFM nanoindentation
technique for quantifying the nanoscale mechanical properties of 2-D MOF structures. CuBDC is

composed of the square-planar copper(Il) dimers coordinated to the BDC linkers.*> CuBDC



crystallizes in the monoclinic C2/m space group, where its adjacent nanosheets form a porous

layered architecture as depicted Figure 1.
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Figure 1. 2-D crystalline structure of the CuBDC layered framework. The dinuclear copper
atoms are coordinated to the BDC linkers to form the copper paddle wheels. Pore channels are
designated as yellow surfaces, corresponding to the solvent accessible volume using a probe size
of 1.2 A. (a) View down the [010] crystal axis, showing the stacking direction of the 2-D layers,
in which the AFM nanoindenter penetrates along the [ 2 01] crystal axis (i.e. downward
arrow). (b) View down the [ 2 01] axis. (c) View down the pore channels oriented along the
[001] crystal axis. Oxygen, hydrogen and carbon atoms are shown in red, white, and grey,

respectively.

The CuBDC nanosheets form thin 2-D crystals with a rectangular morphology as shown
in Figure 2. The constituent CuBDC layers are stacked along the [201] crystal axis and held
by van der Waals forces, yielding a periodic framework structure (Figure 1a). From the AFM
topographic images, it can be seen that the thickness of the CuBDC nanosheets ranges from
~10 nm (viz. the thinnest nanosheet consists of ~19 monolayers as shown in Figure 2c) to
400 nm (comprising hundreds of monolayers). Exfoliation of thin nanosheets out of the thicker

multilayered stacks is important since these thin nanosheets offer a source of building blocks for



constructing 2-D thin-film devices and flexible electronics.”*® Moreover, it has been reported that
a composite mixed-matrix membrane made from exfoliated CuBDC embedded in a polymer

matrix has excellent separation performance in a gas mixture of CO, and CH,."
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Figure 2. Characterization of the CuBDC nanosheets. (a) Scanning electron microscope (SEM)
image; (b) Transmission electron microscope (TEM) image; (c) Atomic force microscope (AFM)
images of the multilayered CuBDC nanosheets. (d) Experimental and simulated X-ray diffraction
(XRD) patterns. Note that the two extra peaks at 20 ~8.3° and ~ 8.9° are due to thermal

desolvation of the framework reversible with addition of solvent molecules.*



Because the multilayered CuBDC nanosheets are held together by weak van der Waals
forces, there is risk of delamination and other forms of interfacial failure caused by the sliding of
nanosheets in shear deformation. Therefore, design and fabrication of functional devices
integrating nanosheets will require an improved understanding of not only the common
mechanical properties such as the elastic moduli, but also knowledge of interfacial failure modes
since the sliding and rupture of nanosheets could affect function of the device. Furthermore, the
interfacial failure between the nanosheets will impede accurate measurement by depth-sensing
indentation technique, resulting in distortion of the indenter load-penetration depth (P-h) data or
erroneous indenter-to-sample contact area. In this study, we address these challenges to enable

quantitative determination of intrinsic 2-D mechanical behaviors.

III. RESULTS AND DISCUSSION

A. Quantification of Through-Thickness Elasticity

Figure 3a shows the representative load-displacement (P-h) curves obtained from AFM
nanoindentation measurements, for a series of experiments where the maximum surface
penetration depth was varied from about 10 nm to 32 nm. Figure 3b presents the Young’s
modulus (E) values of the nanosheets derived from a total of 56 nanoindentation experiments. It
can be seen that the through-thickness stiffness of the CuBDC nanosheets measured by a low
unloading strain rate is highly scattered and overestimated (up to E ~52 GPa). This is likely due
to time-dependent deformations, such as creep deformation that will exaggerate the stiffness.
Therefore an augmented unloading strain rate method* was implemented (see Methods), with

which we found the Young’s modulus starts to converge with an increasing unloading strain rate.
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Figure 3. (a) Representative indentation load versus surface penetration depth (P-h) curves
measured by AFM nanoindentation experiments (solid lines) and modeled by finite-element
method (FEM, dashed and dotted lines for indentation using the two simulated indenter tips with
a tip radius of 31.6 nm and 22.1 nm, respectively). Both the elastic and plastic deformation
behaviors predicted by the FEM models are resembling the experimental data. (b) Young’s
modulus (E) of the CuBDC nanosheets determined using the Oliver & Pharr method, plotted as a

function of the unloading strain rate of the nanoindenter tip.

When the unloading strain rate surpasses ~140 s™, the through-thickness stiffness value
was found to be converged to an arithmetic mean of E ~ 22.9 GPa (Figure 3b). The Poisson’s
ratio of CuBDC was taken as v = 0.4; its effect on the Young’s modulus of the CuBDC nanosheet
is given in the Supporting Information (see Figure S11). The dashed and dotted curves in
Figure 3a are the resulting P-h curves predicted by the FE model by assuming an ideal material
(without material failure). The material properties defined in the model matches the elastic
constants (E, v) determined from the AFM nanoindentation experiments and the plasticity

obtained from the iterative method (see section below).



B. Quantification of Plastic Deformation and Pile-up: Analysis using an Iterative

Method
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Figure 4. (a) AFM height images of residual indents on a stack of CuBDC nanosheets, where the
pile-ups generated by the cube-corner indenter are clearly visible. (b) Height profiles shown as a
3-D depth color map, where the sectional profiles marked by the three arrows are plotted in (c).
(d) Procedure of the iterative method. (e,f) Finite-element model showing the Mises stress

contour of the simulated indentation employing a contact-area equivalent conical tip (details in



Table S1): (e) indentation at the state of the loading stage, and (f) the model at the fully unloaded
stage (the indenter is not shown for clarity). (g) Stress-strain curve showing the elastic-plastic
transition behavior of the CuBDC nanosheet around the yield point gy. (h) Hardness plotted as a
function of the indentation depth; the value of the yield stress of the CuBDC nanosheets is

approximated by the dashed line.

Plastic deformation is an important factor to be considered in indentation experiments
and it is associated with the height of the residual indentation pile-up (Figure 4a-c). Systematic
discussion about the analysis of indentation pile-ups of (monolithic) elastic-plastic solids has
been done by Taljat and Pharr. In this study, we employed finite-element (FE) modeling (Figure
4e-f) in combination with an iterative method (Figure 4d) to establish the plastic deformation
behavior of the nanosheets, on the basis of the correlation between the plasticity and the height
of the pile-ups formed in the periphery of the indents. The flow chart in Figure 4d summarizes
the procedures of the iterative method, in which the results obtained from both the AFM-based
nanoindentation experiments and the FE model were utilized to derive the value of the yield

stress (see Methods).

As shown in Figure 4g, we found the yield stress of the CuBDC nanosheets lie in the
range of oy = 439 — 449 MPa, bridging the elastic and plastic zones. Herein we propose that the
yield phenomenon is linked to the plastic flow of the 2-D layered architecture prevalent in the
CuBDC nanosheets, as evidenced by the large pile-ups observed in the vicinity of the residual
indents, see Figures 4b-c. Hardness results from AFM nanoindentation is shown in Figure 4h.
Nonetheless, hardness of a layered 2-D structure is significantly influenced by the sliding
movement of the interlayers (viz. the sliding tendency),”” where the indentation depth can no

longer indicate the true resistance of the nanosheets against plastic deformation.
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C. Identification of Failure Mechanisms

¢ Nanoscale 2-D failures causing distortions of the indentation curves

AFM nanoindentation was employed to characterize the mechanical failures of the
CuBDC nanosheets, our aim is to understand the origin and characteristics of the different failure
modes. Figure 5 shows the distortions of the P-h curves because of nanosheet failures from
indentation. We propose three distinctive deformation modes underpinning the failure of the
CuBDC nanosheets: Mode I — slippage between nanosheets, Mode II — fracture of nanosheets,

and Mode III — delamination of nanosheets.

In Mode I, the coplanar nanosheets are separated by the penetrating indenter causing the
nanosheets to slide sideways under shear deformation. Layer separation occurs since the
coplanar nanosheets were weakly bound by van der Waals interactions. Typically, sliding of the
nanosheets produces the stepwise distortion in the measured P-h curves, which is resembling the
“pop-in” phenomenon observed in other 2-D materials.?® During the slippage failure, a force
analysis has been conducted (Figure 6a) to shed light on the underlying mechanism. In Mode II —
the fracture of CuBDC framework was due to stress concentration generated by the indenter, and
the phenomenon can be detected as the “humps” observed in the P-h curves. A similar failure
mode has been reported in the two-layer stacked graphene indented by AFM* and the boron
nitride nanosheets studied by in situ indentation.*® For Mode III — during the loading stage,
bending of a stack of nanosheets can lead to interlayer delamination failure, ascribed to the
bending moment from the peripheral regions of the indent. In other words, as illustrated in
Figure 6b, the stretching of the cohesive layer normal to the nanosheet plane eventually causes
breakage of the adjacent nanosheets. In addition, the “pop-out” and recovery phenomena at the

unloading stage have been observed and their mechanisms will be discussed below.
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Figure 5. (a-d) Schematics illustrating the possible distortions of the P-h curves due to different
nanosheet failure modes, the corresponding FE models are shown on the right panels. For
comparison, (a) depicts the AFM nanoindentation of an ideal nanosheet stack (viz. perfectly
bonded multilayers) without any material failure. (e) The FE models capture the main
characteristics observed in the experimental P-h curves in (f) measured by AFM
nanoindentation. The inset in (e) shows the magnified view of the unloading curves from FE

modeling.
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¢ Force analysis to understand threshold forces of specific failures modes
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Figure 6. Schematic illustration of the evolution of the resolved forces between the indenter and

a stack of nanosheets as well as between adjacent nanosheets under different failure modes: (a)

interfacial slippage at loading due to shear, (b) delamination at loading due to bending, and (c)

the mechanism of pop-out and recovery phenomenon at unloading. Note that in the enlarged

views, the van der Waals interactions between the nanosheets are modeled by cohesive layers in

FE (in blue, highlighted in a yellow background). (d) Stress propagation mechanism: (top) in

terms of nanosheet delamination, the diagram depicts the effect of plane stress propagation on

the P-h curve; (bottom) the plane stress spreading range with an increasing depth predicted by

FE model using the equivalent conical indenter.
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Figures 6a-b illustrate the origin of the distortions in the P-h curves owing to the slippage
and delamination of the nanosheets, respectively. Regarding the slippage mode, initially, the
indenter overcomes the interfacial forces that bind the nanosheets together (preventing separation
of the nanosheets). The breakage of this interfacial constraint is indicated by the first broad hump
in the schematic P-h curve (Figure 5b). Subsequently, the indenter starts to push apart the
nanosheets sideward. The cohesive layers start to deform because of shear forces until complete
failure occurs. More specifically, during the process, the increment of the resolved indention
forces (P’w, n = 1, 2, 3, ...; where n stands for the numbering of the nanosheets) which are
horizontally exerted between the indenter and the nanosheets decreases due to the growing
detachment of the cohesive layers, and that is to say the interaction force between the adjacent
nanosheets (Pinencion) decreases gradually until the cohesive layer is fully damaged. This results
in the pop-in segment of the P-h curve, corresponding to the slippage shown on the P-h curve
(Figure 5b). By contrast the breakage of the cohesive layers progresses much slower in the
delamination mode (than in the slippage mode, see Figure 6d) because the bending stress that
induces delamination propagates slower than the acting shear stress while the nanosheets slide
relative to one another. Therefore, the gradient of the distorted loading curve in delamination
mode is reducing at a lower rate compared with the more abrupt stepwise pop-in deformation

found in the slippage mode.

In the AFM nanoindentation experiments, we also observed the pop-out phenomenon
during unloading. This suggests the formation of a new cohesive layer via the restoration of the
broken van der Waals interactions between the nanosheets. The resolved counter-acting force
from the indenter (P’.) is equivalent to the summation of the forces provided by the new

cohesive layers (Pinerncion), the restraining forces exerted by the surrounding materials (Psurounding)s
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and the friction force (Pgicion). In fact, the friction also changes with the penetration of the
indenter as a result of the varying normal force, and it can also affect the resultant P-h curves.”
The model in Figure 6¢ shows that as the indenter continues to unload, the interaction force from
the new cohesive layer increases, along with the declining force exerted by the surrounding
material. Thus, resulting in a quasi-equilibrium state of the interplay between the indenter and
the nanosheets, culminating in the pop-out deformation observed in the unloading curves.
Interestingly, a force recovery process was witnessed in the experiment emerging right before the
indenter-to-sample interaction was reduced to zero (Figure 5f). The reason of the recovery is like
the pop-out phenomenon, but instead of reaching the force equilibrium, the augmentation of
Pinteraction Was overwhelming compared with the reduction of Psuwounding, therefore, the unloading
P-h curve shows the rise in the resultant force (Figure 5d). We note that recovery appears when
the unloading of the indenter is nearly completed, and at that moment Psurounding i Close to being

fully relaxed. In the FE model, both the pop-out and recovery phenomena have been simulated.

Instead of indenting directly onto a thin stack of CuBDC nanosheets, on which the
substrate effect on the elasticity measurement is prone to arise,® we performed the AFM
nanoindentation experiments on the nanosheet stacks of at least 50 nm in thickness (~95
monolayers) to minimize the influence of substrate. Additionally, a few of the AFM
nanoindentation experiments were performed on two thinner CuBDC nanosheet stacks (t
~ 16 nm and ~ 48 nm) placed on a glass substrate in order to investigate plasticity on the upper
surface of the nanosheets. There were no visible radial cracks at the residual indents
(Figures S4), which suggests the relatively resilient nature of the surrounding CuBDC
framework. That is to say, the constraint imposed by the surrounding CuBDC framework has an

impact (i.e. Psurounaing) ON the indentation area, and this is consistent with the force analysis in
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Figure 6. In contrast, indentation experiments using a sharp indenter tip (e.g. cube-corner) on
thin but stiffer layers such as the silicon (t ~ 50 nm),* and the hybrid YAS-GNP coating
(t=169 + 10 yum) on a silicon carbide substrate*® were reported to generate dramatic radial

cracks.

Table 1. Threshold values of the indentation force, depth, projected area of indent, area of the
stress field acquired based on Figure 6d (assuming it is a circular stress field propagating normal
to the indentation direction), and stress (force/area of the stress field) leading to the three

distinctive failure modes of a monolayer of the CuBDC nanosheet.

Threshold
values Projected Area of
Force (nN)  Depth (&) area of indent  StTeSS fZield Stress (MPa)
(nm?) (nm’)
Failure modes
Slippage 42.6 6.5 1.1 ~ 2290 9.3
Fracture 70.4 6.4 1.1 ~ 23779 3.0
Delamination 56.0 5.8 0.9 ~ 3421 16.4

The P-h curves from AFM nanoindentation may show large-scale distortions as shown in
Figure 5d. By characterizing such distortions, the threshold forces responsible for the failures of
CuBDC nanosheets at the nanoscale can be quantified (Figure S12). We have estimated the

threshold conditions triggering the failure modes I, II, and III of the CuBDC monolayer as
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summarized in Table 1; the evolution with indentation depth has also been characterized
(Figure S13). Figure 6d shows that when the indentation depth is below ~2 nm, the stress
spreading area of the slippage mode is less than the ones for delamination and fracture modes.
However, when the indentation depth exceeds ~2 nm and ~2.5 nm, the stress area for slippage
surpasses the areas for delamination and fracture, respectively. Likewise, we found that the
threshold forces of the three modes in Table 1 are ranked in the same order. Accordingly, we
found the stress required for delamination is ~1.8 times and ~5.5 times greater than the ones to

induce slippage and fracture, respectively.

¢ Small-scale continuous failures during AFM nanoindentation
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Figure 7. (a) Representative P-h curves from AFM nanoindentation of the CuBDC nanosheets
showing indentations that cause: no failure (curve in black: region A), the delamination of
nanosheets (curve in red: region B), coupled effect of the fracture and slippage of nanosheets
(curve in green: region C), and a combination of all possible time-dependent responses such as

creep, thermal drift, and the abovementioned failure modes (curve in blue: region D). Linear
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fittings of the incipient unloading curves are shown in the green panel inset. Energy dissipation
fraction () is given in the yellow panel inset. (b) Young’s modulus determined using the Oliver
and Pharr method from the unloading curves of the four types of P-h curves in (a), showing a

significant loss of stiffness in regions B, C, and D versus region A.

In Figure 7a, the P-h curve in black obtained from AFM nanoindentation typifies the
response of the CuBDC nanosheet without experiencing any kind of failure mode. While the
other three representative P-h curves show distinct responses when indentation stress induces
failure. Such a difference is exemplified in the scatter of the stiffness data in Figure 7b,
indicating that the distribution of Young’s moduli falls into four regions. Only region A describes
the intrinsic property of CuBDC because of the absence of significant stress-induced framework
failure and other time-dependent deformations (e.g. creep and thermal drift). Otherwise, the
CuBDC framework could experience a varying degree of stiffness loss and reduced hardness
(designated as regions B, C, and D) depending on the type of failure mode. Additionally, the
energy loss (see Figure 7a) of the AFM nanoindentation experiments in regions B, C, and D was
observed to be lower than in region A. The results suggest that in the scenarios described by
region B, C, and D, part of the deformation was contributed by other forms of mechanical
behaviors (e.g. fracture, sliding, and delamination) dissipating less energy relative to the plastic

deformation in region A.

It is worth noting that the Young’s moduli in regions B, C, and D of Figure 7b were
derived from the P-h curves that exhibit no abrupt distortions over the history of the entire P-h
curve. The data thus suggest that the occurrence of failures is a continuous process, compared to
the characteristic failure modes evidenced in Figure 5d. The data points in region B might

correspond to delamination of the CuBDC nanosheets (Mode III) induced by the AFM indenter.
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This inference is based on the observation that delamination causes less additional indentation
displacement than the other two failure modes, therefore, it brings about less stiffness loss.
Conversely, indentation in region C may be attributed to the coupled effect of interfacial sliding
(Mode I) and fracture (Mode II) of the nanosheets that results in a more considerable stiffness
loss. The interfacial sliding in this study mainly refers to the horizontal sliding of nanosheets
normal to the indenter axis, although the sliding along indentation direction may also cause

stiffness loss, such as that reported by ref.41.

Regions B and C are the subsequently steady states of region D as the unloading strain
rate increases. Akin to the effect of surpassing the time-dependent behaviors such as creep and
thermal drift in the indention direction, sufficiently high unloading strain rate reduces the
deformation of the nanosheets in the horizontal direction along P’ and thus contributing to the
convergence of the Young’s modulus from region D to C. With this in mind, the unloading strain
rate principle* (see Methods) can also be extended to suppress the fracture mode since high
loading-unloading strain rate shortens the time for cracks propagation. Figure 7b also shows that
the indentations in region D were implemented at a relatively lower unloading strain rate,
therefore the excessive additional indentation displacements were generated by a combination of
factors: fracture, sliding, delamination, creep, and thermal drift. In this case, the unwanted effects
of time-dependent processes can be suppressed by raising the unloading strain rate of the

indenter.
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IV. CONCLUSIONS

In this work, a quantitative approach is demonstrated for using the AFM-based nanoindentation

technique to study the detailed mechanical properties of the CuBDC nanosheets. The main

results are summarized as follows:

Quantitative study of the nanoscale mechanics of 2-D nanosheets is challenging and this

is especially true via AFM-based nanoindentation.

The elastic-plastic properties including the Young’s modulus and yield strength have been
characterized. We demonstrate efficacy of the unloading strain rate principle for

improving precision of the AFM nanoindentation measurements.

Three characteristic failure modes at loading of the nanosheets have been proposed,
namely the interfacial sliding (Mode I), framework fracture (Mode II), and delamination
(Mode III). The mechanisms are controlled by the interlayer shear deformation,
framework rupture, and bending deformation, respectively. The threshold indentation
forces and threshold indentation depths of each of the failure modes have been

established.

Finite-element modeling (FEM) has been employed to simulate the AFM nanoindentation
of the MOF nanosheets to gain insights into the deformation mechanisms underpinning
plasticity and failure modes. The model also explains the pop-out and recovery

phenomena observed in the nanosheets during nanoindenter unloading.

Although the CuBDC nanosheets were chosen in this study as a model material to

develop the AFM nanoindentation of metal-organic nanosheets, the general
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methodologies described are transferrable to probe a wide range of 2-D van der Waals

layered systems.
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METHODS

Synthesis and Characterization of CuBDC Nanosheets

The CuBDC nanosheets were synthesized using the layering technique reported by
Rodenas et al.'® The synthesis steps are described in section 1 of the Supporting Information (SI).
The morphology of the nanosheets was examined using the Carl Zeiss Evo LS15 VP scanning
electron microscope (Figure 2a), the JEM-2100 LaB6 transmission electron microscope
(Figure 2b), and the Veeco Dimension 3100 atomic force microscope equipped with the
Tap300AI-G probe in tapping mode (Figure 2c). The crystal structure of the CuBDC nanosheets
was confirmed by powder X-ray diffraction (XRD) using the Rigaku Miniflex diffractometer

(Figure 2d).

AFM Nanoindentation using a Diamond-Tipped Cantilever Probe

AFM nanoindentation measurements were performed using the Veeco Dimension 3100
instrument operating under the indentation mode, equipped with the Bruker PDNISP probe (a
cube-corner diamond tip, see SI Figure S1). The probe has a 350-ym long cantilever made of
stainless steel, where a cube-corner diamond indenter tip is mounted at the end of the cantilever.
The spring constant and contact sensitivity of the probe have been calibrated, and given as

152.285 N/m and 256.6 nm/volt, respectively.

AFM Nanoindentation Methodology and Analysis of P-h Data
Oliver and Pharr Method
Each AFM nanoindentation experiment generates a force-displacement (P-h) curve,

which was analyzed using the Oliver and Pharr (OP) method to determine the Young’s modulus
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(E) of the CuBDC nanosheets.** Every data point of E in Figure 3b was obtained from an

individual indentation cycle, comprising a single loading-unloading cycle.

Unloading Strain Rate Method

Indentation on materials that are either porous or brittle and either viscoelastic or
defective, usually exhibits failures or creep, which can introduce significant distortions on the
P-h curves and under these circumstances, the OP method is no longer suitable. It was found that
at the unloading stage, the additional displacement along the indentation direction still dominate
the overall movement overwhelming the elastic recovery towards the opposite (viz. unloading)
direction.” Consequently, the incipient segment of the unloading curve no longer reflects the
ability of the specimen to resist deformation in response to the applied indentation load. To
overcome this limitation, an augmented unloading strain rate method* was implemented to
retrieve the P-h curves that better reflect the true elastic-plastic response of the nanosheets. In

fact, for the nanosheets, the in-plane stretch may also affect the measurement of stiffness.*

Iterative Method for Determining Plasticity

In the FE model, the elastic-plastic material properties were defined as listed in Table S3.
For elasticity, the Young’s modulus can be measured using AFM nanoindentation (Figure 3). For
plasticity, at first, it was assumed that the strength coefficient (k) of CuBDC is relatively high
(£150), meanwhile, the work-hardening exponent (n) is in the range of 0.1 to 0.3 (these
assumptions were later verified since n ~ 0.17275 and k ~ 863.52053 were obtained using the
iterative method). And in this case, the plastic behavior of material was assumed to follow a
power-law relation using the Hollomon’s equation.* The work-hardening exponent n exerts an
influence on the height of the pile-ups by inhibiting the formation of pile-ups.** In detail, the

hardening of the material near the indenter actually restrains the rising flow towards the surface
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of the sample. For this reason, the work-hardening property of the CuBDC nanosheets was
considered, this can be associated with the collapse of MOF nanopores leading to densification
of the open framework. The relation between the stress (o) and plastic strain (&) in the

Hollomon’s equation is given by:**
o=ke, (
1)
Since at the end of the elastic regime of a stress-strain curve, the strength coefficient (k)

can also be defined based on the elastic modulus:

)

In addition, according to the empirical relation proposed by Matthews, the ratio between
the height of residual pile-up, s, after the withdrawal of the indenter tip and the indentation depth

at the maximum load, h (see Figure 4c), was assigned based on the work-hardening exponent

()=

2(1=n)/n 3
(Ztm 1 3)

2

N | =

s _
h

The value of s can be measured from the AFM images of the indents (Figure 4a-c). The

study of 32 indents gave the arithmetic mean value of s/h ~ 0.10551 (SI, Table S2), and thus

n=0.17275.

In the iterative procedure, an initial estimated value of the yield stress (oy) was assigned
to equation (2) acquiring an initial value of k. Subsequently, by substituting the values of k and n

into equation (1), this gives the first predicted plasticity property of the CuBDC nanosheets.

24



Inputting the elastic modulus (E ~ 22.9 GPa) and the predicted plastic property into the FE
model, gives a new value of s/h. Through the iterative process, we found the values of oy
~448.8 MPa (Figure 4g) and k ~863.52053; the convergence criterion is met when the FE model
with an updated input value of oy returns the s/h ratio that matches the one measured from AFM

nanoindentation, viz. s/h ~ 0.10551.

Finite-Element (FE) Modeling

For the purpose of predicting the plastic deformation of the CuBDC nanosheets
(Figure 4), we use the finite-element method (FEM) as implemented in the ABAQUS CAE
program to simulate the indenter-to-sample contact and non-linear structural deformations. The
continuum slab model representing the CuBDC nanosheets was meshed using the 8-node linear
brick elements with reduced integration and hourglass control (C3D8R). We employed the
ABAQUS/Explicit solver” which is tailored for calculating complex contact mechanics
problems. It is noted that the oscillations of P-h curves reported in the literature®®*’ have been
overcome by applying a refined mesh in this study. The indenter in the FE model is a discrete
rigid cone with equivalent inclusive angle as the real indenter, in which a curved apex with a

radius of r = 22.1 nm was created to prevent excessive mesh distortion.

FEM with the ABAQUS/Explicit solver has also been employed to model the patterns of
distortions (Figure 5) caused by the failures of the CuBDC nanosheets during the loading stage
as well as the recovery and pop-out phenomena during unloading. In these FE models where the
nanosheet interfacial failures were defined, the interaction between the adjacent nanosheets was
modelled using the cohesive elements whose damage under stress initiates based on the

maximum nominal stress criterion (SI section 6). Moreover, we apply the Johnson-Cook fracture
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criterion to model the fracture of the nanosheets under the penetration of the indenter, allowing
the strain rate effects to be studied (SI section 7).** The Johnson-Cook model was initially

proposed for metals, but has also been applied to softer materials like polymers.>

ASSOCIATED CONTENT
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the threshold forces and depths resulting in the different failure modes.
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