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ABSTRACT: Kirigami, a traditional Japanese art of paper cutting,
has recently been explored for its elastocaloric effect (ECE) in
kirigami-based materials (KMs), where an applied strain induces
temperature changes. Importantly, the feasibility of a nanoscale
graphene kirigami monolayer was experimentally demonstrated.
Here, we investigate the ECE in GK representing the thinnest
possible KM to better understand this phenomenon. Through
molecular dynamics simulations, we analyze the temperature
change and coefficient of performance (COP) of GK. Our findings reveal that while GKs lack the intricate temperature changes
observed in macroscopic KMs, they exhibit a substantial temperature change of approximately 9.32 K (23 times higher than that of
macroscopic KMs, which is about 0.4 K) for heating and —3.50 K for cooling. Furthermore, they demonstrate reasonable COP
values of approximately 1.57 and 0.62, respectively. It is noteworthy that the one-atom-thick graphene configuration prevents the
occurrence of the complex temperature distribution observed in macroscopic KMs.
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G raphene is a two-dimensional allotrope of carbon atoms
arranged in a hexagonal lattice." It was first isolated in
2004 using the mechanical exfoliation technique.” Graphene’s
exceptional combination of mechanical,® electronic,* ther-
mal,>® and optical properties’ has made it one of the most
extensively studied systems in materials science, with vast
potential for use in various applications such as flat
electronics,” energy storage,g and biomedical engineering.lo
However, incorporating graphene into flexible devices poses
challenges because of its intrinsically high stiffness, which
makes it difficult to bend or stretch. In addition, graphene is
brittle, with only a few percent of tensile fracture strains."'

Graphene kirigami (GK) is a cutting-edge technique miming
the ancient Japanese art of paper-cutting to manipulate
graphene.'” By introducing intricate patterns and tailored
structures, GK overcomes the low stretchability barrier of
graphene, resulting in unique mechanical properties.'”'*

Compared to a regular graphene sheet, GK nanostructures
exhibit significantly improved reversible stretchability, achieved
through multidimensional deformation capabilities enabled by
nanoscale kirigami architectures.'> GK’s in-plane stretching
and out-of-plane deformation allow for increased flexibility.' It
is worth noting that GK demonstrates good thermal stability,
remaining intact until it reaches a critical temperature of 1600
K,'® significantly lower than the melting point of graphene,
which is approximately 5000 K.'” With flexible devices being
the mainstream trend in modern optoelectronics, kirigami-like
materials have become ideal candidates for developing novel
applications.

The fabrication of GK structures has yielded remarkable
success.'”'®'%7?% Tnitial work by Blees and colleagues
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demonstrated the feasibility of GKs, showcasing robust
microscale structures with adjustable mechanical properties
in graphene.'” Another experimental study highlighted the
strain-insensitive electrical properties of GK-based electrodes,
enduring up to 240% tensile strain and various strain states,
including stretching, twisting, and shearing.22

Density functional theory (DFT) methods are widely used
for studying chemical reactions and atom rearrangements due
to their ability to accurately describe electronic and lattice
structures.”*">” However, alternative approaches must be
considered due to computational limitations in the case of
systems consisting of hundreds of electrons or thousands of
atoms.”” Reactive molecular dynamics (MD) has emerged as a
suitable approach in these scenarios.

Reactive MD methods explicitly simulate chemical reactions
and capture chemistry-based phenomena at the nanoscale with
an accuracy comparable to DFT methods.”””** Reactive MD
can accurately model bond breaking and formation, chemical
reactions, and related energy changes using DFT-parametrized
force fields.>' Moreover, reactive MD allows for investigating
larger system sizes and longer time scales, providing valuable
insights into the behavior of complex systems that would be
infeasible using DFT-based methods.”'
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Atomistic MD simulations have extensively investigated
GK’s stretchability, fracture resistance, and permeabil-
ity,?719192035737 Notably, these studies unveiled a note-
worthy trend: GK can enhance the fracture strains of graphene
by approximately 3-fold compared to standard monolayer
graphene. Consequently, the realm of kirigami-inspired
nanostructures presents exciting prospects for the fabrication
of highly flexible and stretchable devices using graphene®® and
other diverse 2D materials.””~*!

A temperature change induced by external strain, known as
the elastocaloric effect (ECE), has great potential for next-
generation thermal management technologies due to its
environmental friendliness and economic benefits.””~** To
make this technology more efficient, efforts have been made to
find highly efficient elastocaloric materials.”> ™" In particular,
in view of the growing interest in miniaturized refrigeration,51
at the nanoscale, the study of the ECE in nanostructures has
already begun.’*~%

Recently, a new approach to modulate the elastocaloric
temperature change using a kirigami-inspired material was
proposed.®’ Results showed that the ultrahigh stretchability of
kirigami combined with its lateral flexibility allows for the
generation of focused heat absorption and release simulta-
neously during the same application of tensile or compressive
strain, resulting in a versatile local cooling/heating perform-
The method can be applied to any elastocaloric
material and paves the way for designing versatile solid-state
heat pumps for flexible electronics. So far, this phenomenon in
kirigami has not been studied on the atomic scale. Moreover,
based on the successful synthesis of GKs, a study on the ECE
in these materials may open new channels for developing novel
thermal management technologies at the nanoscale.

In this study, we employed fully atomistic MD simulations
to investigate the ECE in a model GK lattice at the nanoscale.
To simulate the ECE in GKs, we modeled a thermal
management device under Otto-like thermodynamic cycles,
including two adiabatic expansion/contraction processes and
two isochoric heat exchange processes. Using our computa-
tional protocol, we calculate the GK temperature variations in
absorbing and releasing heat and their coefficients of
performance.

To investigate the ECE in a model GK lattice at the atomic
scale, we used the LAMMPS® code with the adaptive
intermolecular reactive empirical bond order (AIREBO)®
potential in reactive MD simulations. This potential accurately
addresses carbon-based nanostructures and provides reliable
potential energy values to study their mechanical and thermal
properties.'”*""® Besides, the LAMMPS/AIREBO method-
ology has been successfully used to describe the ECE in carbon
nanomaterials.”>*>*”*%% The GK model used in this study is
shown in Figure 1 and has the following properties: [, = 332 A,
l,=48A,1,=48A, hy=100A, h; =68 A, h,=35A,d; =19
A, 12012 carbon atoms and 1244 hydrogen atoms.

The GK structure was studied under a thermodynamic cycle
similar to the Otto cycle, as shown in Figure 2. The cycle
consists of two adiabatic expansion/release processes and two
volume fixed heat exchange processes with a thermal reservoir
at 300 K, in the order 1 - 2 - 3 — 4 — 1. Processes 1 — 2
and 3 — 4 correspond to applying adiabatic tensile strain and
release, respectively. Processes 2 — 3 and 4 — 1 represent
isochoric heat exchange with a reservoir at 300 K. During the
stretching/compression process, the left edge of the kirigami
remained fixed, while the right edge was stretched/com-
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(a) Top View

(c) Side View

(b) Modeling

Figure 1. Schematic representation of the model GK lattice studied
here. Panels a—c show the GK top view, lattice parameter definitions,
and KG side view. In the color scheme, the gray and white spheres
represent the carbon and hydrogen atoms, respectively.

P 2

Figure 2. Schematic representation of a p—V-like diagram that
illustrates the thermodynamic cycle (1 - 2 - 3 — 4 — 1) used to
study the ECE in GK. Processes 1 — 2 and 3 — 4 correspond to the
application of adiabatic tensile strain and release, respectively, while
processes 2 — 3 and 4 — 1 represent isochoric heat exchange with a
reservoir at 300 K.

pressed. In the isochoric heat exchange, both edges remained
fixed.

We minimized the GK structure using force and relative
energy tolerances of 1.0 X 1071 eV/A and 1.0 x 1071
respectively. The initial GK length (l, refer to Figure 1) is
337.20 A, and its equilibration was then conducted at 300 K,
using a constant NPT ensemble integration at null pressure
using the Nosé—Hoover barostat for 200 ps to ensure no
remaining stress.

Here, the thermodynamic cycle was performed as follows:
first, we carried out step 1 — 2 (expansion) without a
thermostat, subjecting the system to tensile strain from 0% to
30% at a strain rate of 1 X 10™* fs™! during 32 ps, using a time
step of 0.02 fs. Second, the step 2 — 3 (isochoric heat
exchange) involved a thermal equilibration of 200 ps using the
Langevin thermostat and the NVE ensemble for a time step of
0.2 fs. The step 3 — 4 (release) was carried out without a
thermostat, causing the system to undergo a tensile
deformation from 30% to 0% at a strain rate of —1 X 107
fs™! for 32 ps, again using a time step of 0.02 fs. Finally, step 4
— 1 (isochoric heat exchange) involved another 200 ps of
thermal equilibration using the Langevin thermostat and NVE
ensemble for a time step of 0.2 fs.
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The real variation in the temperature of ECE (ATggay) is
obtained by correcting the results of classical MD simulations
due to quantum mechanics effects on the specific heat (c) of
graphene at 300 K:** ATpgay = (cwp/crear) ATwp- Here,
“REAL” and “MD” refer to corrected and simulated values,
respectively. The (cyp/crpar) = 2.53 factor was obtained using
crear, = 700 J-kg K" from ref 69 and cyp = 1770 J-kg K™
from our calculations. cyp was derived from a series of
equilibrium simulations for GK subjected to distinct temper-
ature regimes, as discussed later.

We begin our discussion by showing the representative MD
snapshots that illustrate the stretching/releasing process of GK
(Figure 3). In Figure 3a, we present the top and side views of

Top View

Side View

Figure 3. Representative MD snapshots for the GK lattice subjected
to the uniaxial strain in the x-direction at 300 K. Panels a—e illustrate
the top and side views for the GK structure at 0% strain before
stretching, 15% stretching, 30% stretching, 15% releasing, and 0%
strain after releasing, respectively. In the color scheme, the gray and
white spheres represent the carbon and hydrogen atoms, respectively.

the KG structure at 0% of strain and equilibrated at 300 K.
Even considering the atomic displacements imposed by the
temperature effects, one can note that the GK is almost planar,
and its pores are of the same size. It is worth mentioning that
between 0% and 5% of strain, the GK deformation occurs via
stretching of the elastic C—C bond in the direction of the
applied strain, similar to the stretching mechanism of graphene
nanoribbons.”® In this low-strain regime, neither out-of-plane
flipping nor rotation of the GK pieces is observed.

At a strain of 15% (see Figure 3b), noticeable flipping and
rotation occurred in certain sections of GK, resulting in varying
magnitudes of out-of-plane deflections instead of the
anticipated continuous bond stretching in uniformly strained
sheets.”" Unlike pristine graphene nanoribbons that experience
failure when reaching a critical strain,”> these deflections
enable the GK monolayer to withstand significantly larger
deformations without fracturing.

It is crucial to contrast our findings with the study
conducted by Hirai and co-workers,”’ who investigated the
electromechanical cooling effect (EMCE) in various macro-
scopic kirigami materials (KMs). Using sophisticated lock-in
thermography techniques, they measured temperature changes
across the kirigami surface and discovered that cooling and
warming regions coexist within different regions of the
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structure during the same type of straining (tensile or
compressive).

This phenomenon arises from the bending of hole edges
within the kirigami plane under tensile strain, inducing both
tensile and compressive strains in the outer and inner regions
of the bent structure. They also demonstrated that the cooled
and warmed regions precisely corresponded to the tensile-
strained and compressed parts of the kirigami, respectively.
However, we should point out that this effect does not (and
cannot) occur in one-atom-thick kirigami.

In our simulations, depicted in Figure 3b—d, the
deformation mechanism of GK involves two distinct regions:
elastic stretching of C—C bonds (resulting in an ECE increase
of temperature) and out-of-plane buckling. Unlike macroscopic
kirigami, these buckled regions experienced neither cooling nor
warming. This behavior diverges from the EMCE observed in
macroscopic KMs. The reason behind this disparity is relatively
straightforward. When a thin but macroscopic ribbon flexes, it
induces tensile and compressive strains in its outer and inner
sections. However, flexing a one-atom-thick nanoribbon, as
demonstrated in previous research,”> does not lead to any
bond strain. Therefore, in our case, the out-of-plane deflections
did not generate strain in the C—C bonds.

The accumulation of stress in GK is supported by the von
Mises stress distribution calculated from an MD study of GK
under tension.'” Consequently, as neither tensile nor
compressive strains occur in the out-of-plane deflected regions
of GK, there is no heat release or absorption in these areas. In
contrast, the heated regions consist of parallel lines of stretched
C—C bonds that remain within the GK plane."® This stretching
mechanism observed in GK opposes the findings of experi-
ments,®’  where stretching elastocaloric materials with a
macroscopic kirigami structure resulted in simultaneous heat
absorption and release due to nonuniform internal stress
generated by uneven strain distribution along the cutting
patterns.

Figure 3c shows that the highly stretchable GK pattern,
which exhibits no bond breaking or fracture, is achieved at a
critical strain of 30%. In this configuration, each GK unit is
connected by a small ribbon, allowing the monolayer to be
almost foldable. Additionally, a uniform out-of-plane deflection
pattern is observed. This configuration limits the interplay
between the warming and cooling of GK via ECE temperature
variation. Figure 3d and Figure 3e illustrate the GK monolayer
configuration during the tensile-releasing mechanism, whose
features are similar to those described for Figure 3a and Figure
3b, respectively. We conducted 10 simulations with different
seeds for all the thermodynamic cycles; see Supporting
Information. For the sake of convenience and to present the
qualitative behavior of the entire process, we show the time
evolution of the GK temperature under tensile stretching and
releasing for just one seed in Figure 4a and Figure 4b,
respectively. Figure 4’s red and blue lines represent the moving
averages for temperature calculated every 100 MD steps.

We obtained the moving averages for all seeds and related
average values for ATy and used the (cyp/crpar) = 2.53
factor to find ATgga =~ 9.32 K during the 1 — 2 tensile
stretching process and ATggy, =~ —3.50 K for the 3 — 4
releasing process. The smoothed curves indicate that the GK
temperature has an almost linear relationship with time.
Additionally, it can be inferred from Figure 4 that the ECE in
GK is more significant during heating than during cooling.

https://doi.org/10.1021/acs.nanolett.3c02260
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Figure 4. Time evolution of the GK temperature under (a) tensile stretching and (b) release for one particular seed. The red and blue lines are the
moving averages for temperature calculated every 100 MD steps. Panel c illustrates the time evolution of total energy as a function of time. The red
and blue curves refer to adiabatic tensile strain and the tensile strain release, respectively.

The GK coefficient-of-performance (COP) associated with
heating or cooling can be calculated. To do that, we need to
determine both the heat, Q, exchanged with a thermal bath and
the work, W, done on and by the system during one full cycle.
Processes 2 — 3 and 4 — 1 are isochoric and do not
contribute to the total work per cycle, while processes 1 — 2
and 3 — 4 are adiabatic, meaning there is no heat exchange
into or out of the GK monolayer. Therefore, the total energy
change due to tensile or tensile release processes will equal the
work done on or by the GK system.

The total energy values as a function of simulation time
during the 1 — 2 tensile stretching process and the 3 — 4
releasing process are shown in Figure 4c, also just for one seed.
W can then be calculated from these curves as the sum of
variations in the internal energy of the GK during the processes
1 - 2 and 3 — 4, denoted E,_,, and E;_,, respectively.
Specifically, their average values considering all seeds are W =
E,, — E;_, =109.5 — (—=103.1) = 212.6 eV.

To obtain the heat, Q, exchanged with the thermal bath, the
thermal capacity, C, of GK was estimated using a series of
equilibrium simulations at different temperature regimes, as
shown in Figure 5. The thermalization of the GK over time
and the relationship between the temperature of the system
and its total energy are shown in Figure Sa and Figure Sb,
respectively. Temperature values ranged from 50 to 1100 K in
increments of 150 K.
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Figure S. (a) Time evolution of the temperature (GK thermalization)
and (b) total energy of the system as a function of its temperature.
The temperature values used in these simulations vary from 50 K up
to 1100 K with a step of 150 K.

Linear fitting of the data in Figure Sb resulted in a thermal
capacity of Cyyp = AE/AT = 2.67 eV/K; dividing by the mass
of the GK and changing the units give the value mentioned
previously of cyp = 1770 J-kg™-K™". With cyp, and the values
of ATyp, one can calculate the heat transferred/extracted
(Qr/Qg) to/from the thermal reservoir at 300 K: Qp =
meypATyp and Qp = meypATyp.

https://doi.org/10.1021/acs.nanolett.3c02260
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Finally, we calculate the COP for GK. Using the values
derived above for Q and W, we obtain the COP for heat
transfer and extraction (COP;/COPg) to/from the thermal
reservoir: COP; = Qp/Wyp and COPy = Qp/Wyp. Some
alloys, for example, NiTi wires, show an ECE of about 17 K
with a large COP of approximately 11.”* Carbon nanotubes
can exhibit an ECE varying between 40 K up to 100 K with
also a large COP that ranges from 4 to 12.°°

GK has reasonable temperature change values of approx-
imately 9.32 K for heating and —3.50 K for cooling, as
mentioned above, accompanied by equally reasonable COP
values of approximately 1.57 and 0.62, respectively. Although
these values are not as impressive as those of NiTi wires or
carbon nanotubes, they represent about 23 and 8.8 times
greater ECE temperature changes than those of macroscopic
kirigami materials.’ The Supporting Information provides the
values for the aforementioned quantities for individual seeds,
which were used to determine the COP.

In summary, our study investigated the ECE in a GK
monolayer at the nanoscale, representing the thinnest possible
KM. We compared the temperature changes of GK with
macroscopic KMs, which was recently experimentally
realized,’’ and identified key differences. Moreover, this
study is the first to determine the COP in GK.

Through fully atomistic molecular dynamics simulations, we
found that GK exhibited a relatively large temperature change
of approximately 9.32 K for heating and —3.50 K for cooling.
This temperature change is significantly higher than the
changes observed in macroscopic KMs, which reached a
maximum of approximately 0.4 K. The one-atom-thick
configuration of graphene in GK prevented the complex
temperature variations observed in macroscopic KMs, where
simultaneous heating and cooling occurred in different regions
when external strain was applied.

Our simulations also revealed that the deformation
mechanism of GK involved elastic stretching of C—C bonds
and out-of-plane buckling. The out-of-plane deflected regions
did not experience cooling or warming, contrary to the
behavior observed in macroscopic KMs. This disparity arose
because the flexing of a one-atom-thick nanoribbon did not
generate strain in the C—C bonds, unlike macroscopic kirigami
structures.

We calculated the COP of GK, representing the ratio of heat
transferred to/from the thermal reservoir to work performed
on the system per thermodynamic cycle. Our results
demonstrated a reasonable COP of approximately 1.57
(0.62) for GK as a solid heater (refrigerator), indicating its
potential for heat transfer and extraction.

When the COP of GK is compared with that of other
materials, such as alloys and carbon nanotubes, GK presents a
smaller performance. However, neither alloys nor nanotubes
can reversibly withstand a tensile strain as high as 30%. That
feature might be considered when considering smart
applications of GK as solid heaters or refrigerators at the
nanoscale. Our findings highlight the unique behavior of GK at
the nanoscale and its potential as a kirigami-based material for
applications requiring substantial temperature changes and
efficient heat transfer.
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Calculated values for the quantities, including individual
seed values and their corresponding averages, used to
determine the COP; figures illustrating the thermody-
namic cycles for simulations with 10 different seeds
(PDF)
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