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One of the current challenges in nanoscience is tailoring phononic devices, such as thermal regu-
lators and thermal computing. This has long been a rather elusive task because the thermal-switching
ratio is not as high as electronic analogs. Mapping from a topological kirigami assembly, nitrogen-doped
porous graphene metamaterials on the nanoscale are inversely designed with a thermal-switching ratio
of 27.79, which is more than double the value of previous work. We trace this behavior to the chiral
folding-unfolding deformation, resulting in a metal-insulator transition. This study provides a nanomate-
rial design paradigm to bridge the gap between kinematics and functional metamaterials that motivates
the development of high-performance thermal regulators.
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Thermal regulation is the most critical technology chal-
lenge for modern electronics [1,2], thermoelectricity [3],
thermal cooling [4,5], interfacial thermal resistance [6],
and phononics [7,8]. Similar to electrical switches, ther-
mal regulators whose thermal transport in two states or
directions is relatively different from each other [9–11]
and play roles in thermal storage, thermal management,
and solid-state thermal circuits [12–15]. To regulate the
thermal conductivity κ , researchers focused on the mod-
ulation between two states and mechanisms that facil-
itate large thermal-switching ratio R between on-state
high thermal conductivity κon and off-state low thermal
conductivity κoff.

Several materials have been unveiled with thermal-
switching behavior under different kinds of incentives [16],
such as shape memory alloy [17,18], shape-dependent
nanoislands [19], monolayer lateral heterojunction [20],
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multibody effect in radiation [21], strain in ferroelectric
domain [22] and in compressible graphene [23], ther-
mophile proteins [24], plasmon resonators [25], local effect
in polymer [26], electric field [27,28], magnetic field [29],
temperature-induced phase transition [30], temperature-
dependent transformation thermotics, element substitution
[31], electrochemical reaction [32,33], optical excitation
[34], and even hydration in bioinspired materials [35].
Although these studies have reported up to an order of
magnitude in switching ratios and corresponding mech-
anisms, how to further augment R for high-performance
thermal regulators is still a conundrum and limits their
applications.

In this Letter, we design a two-dimensional (2D) honey-
comb kirigami assembly using metamaterial and map it on
porous graphene. Chirality is induced by nitrogen substi-
tution, realizing asymmetrical folding-unfolding deforma-
tion. We find nitrogen-doped porous graphene (NPG) can
exhibit an ultrahigh R of 27.78 under only 1% strain. With
this small deformation, the obvious change is found in
the band structure, resulting in an unusual metal-insulator
transition and enhanced optical absorption in NPG. Our
work offers a nanomaterial design paradigm mapping from
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FIG. 1. Kirigami assembly consisting of regular hexagons.
(a)–(c) Snapshots of the physical prototype in unfolding, inter-
mediate, and fully closed states, respectively. Hinge points are
shown by red dots. (d) Periodic tessellation is displayed by gray
rectangles. (e) Geometric parameters are defined in the unit cell.

topological assembly on metamaterials, showing potential
high-performance thermal regulators.

The 2D honeycomb kirigami assembly based on the
nanoporous graphene with the folding-unfolding deforma-
tion, shown in Fig. 1. It consists of two modules, one
of which is module I having a hexagon with three hinge
points (light blue). Another one is module II, a simi-
lar hexagon with six arms (dark blue). The endpoints of
the arms are connected with module I by hinges. The
kirigami model enables the entire assembly with one
degree-of-freedom motion and avoids physical interfer-
ence. Snapshots of kirigami assembly during deformation
are shown in Figs. 1(a)–1(c), and the tessellation is pre-
sented in Fig. 1(d). The folding-unfolding deformation for
the kirigami assembly is depicted in Video S1 within the
Supplemental Material [36].

Geometric parameters of the kirigami assembly are
illustrated in Fig. 1(e). r and d are the distance between
center modules and hinge points in modules I and II,
respectively. h is the distance between the center of two
modules and θ is the angle between module I and the adja-
cent arm. A periodical rectangular unit cell is depicted
in the kirigami assembly, which is more easily to deter-
mine the strain in the Cartesian coordinate system. Then
we investigate the deformation behavior of the assembly,

h =
√

d2 + r2 − 2dr · cos(θ + π/3), (1)

x =
√

3h, y = 3h. (2)

In the following, we map the kirigami assembly on 2D
mechanical metamaterials. The point-to-point rigid rod

(a) (b)

(c) (d)

FIG. 2. Mapping of kirigami assembly to metamaterials. (a)
Module I and II are replaced by one honeycomb and a cluster
including seven honeycombs. The element of pink atoms labeled
by X is to be decided shown within the Supplemental Material
[36]. Snapshots of NPG in (b) equilibrium, (c) contraction, and
(d) expansion states during deformation. Black arrows indicate
the rotation of modules. The brown and white balls are C and N,
respectively.

connections in kirigami assembly are replaced by chem-
ical bonds. According to the spatial linkage kinematics
about the relationship between cyclohexane molecular and
octahedral Bricard 6R linkage [37], we call the bond con-
necting different modules as “hinge bond” and treat the
midpoints of the “hinge bond” as hinges. Therefore, two
components are designed to represent two modules in the
assembly, as shown in Fig. 2(a). To increase the stability
of the structure, carbocyclic six-membered rings are kept.
What is more, chirality can be induced by elemental sub-
stitution, resulting in the asymmetrical folding-unfolding
deformation in metamaterials.

Since the potential element is selected, we set criteria to
guide the element selection labeled X shown in Fig. 2(a),
which include (i) obvious distortion out of plane should
be avoided that will preclude the deformation, (ii) the con-
nection between two types of modules should be only one
chemical bond to ensure the flexibility of the whole struc-
ture, (iii) the electronic band structure in the equilibrium
state should be an insulator to realize the metal-insulator
transition by small deformation. The whole detail of the
selection process with element X is discussed within the
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Supplemental Material [36,49]. Consequently, the nitrogen
element is the best one of X and we focus on the nitrogen
porous graphene, named NPG.

We acquire the optimized metamaterials with differ-
ent lattice constants and θ by density-functional theory
(DFT). The details of calculation are shown within the
Supplemental Material [36,50–55]. Interestingly, NPG in
Figs. 2(b)–2(d) and Video S2 within the Supplemental
Material [36] performs a similar folding-unfolding defor-
mation behavior after contraction or expansion, corre-
sponding to the kirigami assembly in Figs. 1(a)–1(c). The
most stable structure has a θ0 of 110.73◦, which is slightly
different from the assembly with 120◦.

We unexpectedly find that NPG has a property of chi-
rality, which means the rotation in clockwise and anti-
clockwise exhibit different deformation behaviors [56].
The more mechanical property of NPG is discussed within
the Supplemental Material [36].

Now we address the crucial issue, namely, deformation
effect on the electronic and thermal properties. Thermal
conductivity can be divided into two parts. Based on
ab initio and nonequilibrium molecular dynamics sim-
ulation, we can obtain κlat and κel by Fourier law and
Wiedemann-Franz (WF) law,

κlat = − J
∇T

, κel = L0σT, (3)

where J is the heat flux of energy transport per unit time
across the unit area that is defined as S = W × d in which
W is the width of the 2D sheet and d is the interlayer dis-
tance for the corresponding bulk material (d = 3.355 Å
for NPG). ∇T is the temperature gradient along the heat-
transport direction. σ is the electric conductivity and L0
is the Lorenz constant number of 2.44 × 10−8 W � K−2.

The discussion about why WF law is suited to NPG [57–
62], details of calculation [63,64], and length dependence
of κlat [65–68] are shown within the Supplemental Material
[36].

We find that the change of κlat is not obvious as a func-
tion of strain, while κel increases by 7 orders of magnitude
after contraction of only 1% strain shown in Fig. 3(a). This
discovery will result in a dominating role of κel compared
with κlat. κlat has a value of 8.92 W/mK in equilibrium state
and fluctuates slightly to 9.05 W/mK with 1% compressive
strain. κel of different doping carriers and concentrations
are shown in Fig. S12 within the Supplemental Material
[36].

Thermal-switching ratio R is the key parameter to eval-
uate ability of the thermal switch, R = κon/κoff, where κon
is the largest κ in the “on” state, and κoff is the smallest
κ in the “off ” state. Let us now attempt the relationship
between R and strain at four different typical doping con-
centrations. For instance, at 5×10−14 cm−2 hole-doping
concentration, κel is equal to 8.97×10−6 W/mK in the
equilibrium state, while 238.87 W/mK with only 1% com-
pressive strain. The total thermal conductivity changes
from 8.92 W/mK without strain to 247.92 W/mK with
1% compressive strain, achieving R = 27.79, shown in
Fig. 3(b). Furthermore, R in compressive strain is much
larger than that of tensile strain, indicating an obvious chi-
rality of NPG. At a given strain, R is directly proportional
to the doping concentration, and the relative discrepancy of
R between different doping levels increases as a function of
strain.

Referring to most of the former research about thermal
management materials such as VO2, PE nanofiber, and
other phase-change materials [30,34,40–48]. We collect
R of all these interesting works combined with our NPG
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FIG. 3. (a) κel and κlat (inset) of NPG as functions of strain. (b) Thermal-switching ratio R versus strain under different hole-carrier
concentrations. The enlarged feature of R between 1 and 2 is shown in the inset. A maximum doping level of 5 × 10−14 cm−2 for both
electrons and holes is reached by electrical gating [38] and ionic liquid injection [39]. (c) R of NPG compared with reported thermal
regulators. nCB [40]; VO2 [41]; K, Zn, Cd, and Hg [42]; c-Se [43]; Ni-Mn-In alloy [44]; C6H14 [45]; Sn, In, and LiNO3 [46]; C/C16H34
composite [47]; Ge2Sb2Te5 [48]; azobenzene polymers [34]; PE nanofiber [30].
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FIG. 4. (a)–(c) Projected band structures and PDOS of NPG in three deformation states. (d) Electronic transmission spectrum and
(e) electrical resistance of the NPG device with different �θ . Fermi level is regarded to be zero for each state to compare the transfer
ability of electrons between electrodes among all states. The number in (e) stands for the band gap Eg in the eV unit. (f) The isosurface
plot of the charge density of NPG and the isosurface value is taken as 0.06 e/Bohr3.

value, shown in Fig. 3(c), indicating the potential of NPG
for manufacturing high-performance thermal regulators.

Remember that the mild change of κlat can be originated
from the unchanged space group of NPG with P6/m (175)
during deformation, similar to VO2 near the phase transi-
tion [69]. The physical reason for a wild change of κel is the
metal-insulator transition, since band structures and pro-
jected density of states (PDOS) change significantly shown
in Figs. 4(a)–4(c).

With deformation, conduction bands of NPG move
downward while valence bands move upward, resulting in
a smaller band gap compared with the equilibrium state
with Eg = 0.73 eV. Under 1% compression, the band gap
closes due to the decrease of distance between atoms,
resulting in a shift of the electronic energy states. The
projected band structure shows that the conduction-band
minimum is dominated by pz orbits of carbon and nitro-
gen atoms, while the valence-band maximum is controlled
by px and py orbitals of nitrogen atoms. Moreover, the
band gap of NPG decreases slowly in expansion while
declining rapidly in contraction. This phenomenon could
be attributed to the chirality of NPG. We also find the main
discrepancy of PDOS between the contraction state and the
other two states is whether the overlap of px, py , and pz of
nitrogen atoms exists, indicating the hybridization of orbits
and delocalization of electrons.

The band gap will fall to zero when �θ reaches the criti-
cal angle of −13.0◦, indicating a metal-insulator transition
occurs during deformation. The most adopted method to
trigger it, in previous reports, is applying a large 10%

mechanical deformation to adjust the distance between
atoms and to redistribute electronic wave function, called
Mott transition [70–73]. For NPG, the metal-insulator tran-
sition emerges after only 1% change of the lattice constant,
which is much easier to be realized by substrate engineer-
ing, and could be used as supersensitive pressure sensors
in nanomaterials science.

To explore electronic transport properties, we built NPG
devices shown in Fig. S13 within the Supplemental Mate-
rial [36]. Without bias potential, transmission spectrums of
different states are shown in Fig. 4(d). Around the Fermi
level, there is no transmission for all of them except the
state of �θ = −13.0◦ and �θ = −17.4◦, corresponding
semimetal and metal states, respectively. Then electrical
resistances of different states are invested by setting the
bias voltage range from 0 to 1.0 V, shown in Fig. 4(e).
There are 7 orders of magnitude difference in electri-
cal resistance between the state of �θ = −17.4◦ and the
equilibrium state, while only 2 orders of magnitude differ-
ence between the state of �θ = 16.2◦ and the equilibrium
state. The details of calculation are shown within the
Supplemental Material [36,74–76].

Let us now attempt the mechanism of the metal-
insulator transition at the electronic distribution level.
Figure 4(f) presents the charge-density isosurface of NPG
in three states. Contraction is more effective than an expan-
sion to decrease the distance between adjacent nitrogen
atoms, resulting in delocalizing the state and narrowing
the band gap. This microscopic electronic behavior further
supports the explanation of the metal-insulator transition in
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NPG. Except for the thermal and electrical properties, we
also study the optical property and negative thermal expan-
sion [77,78] of NPG shown in Figs. S16 and S17 within
the Supplemental Material [36]. Furthermore, we validate
the effective medium concept of NPG [79] and discuss the
potential methods to obtain NPG [80–88].

Before closing, we briefly discuss the energy cost to
obtain such a thermal regulation. The strain energy of NPG
is presented in Fig. S18 within the Supplemental Material
[36], and by changing the angle θ with the ±15◦ from
the equilibrium state, the largest energy needed is 140
meV/atom, about 3% of the carbon bond-breaking energy
[89]. Thus, hexagonal rings in NPG are dynamically sta-
ble. In ab initio molecular-dynamics calculation with two
unit cells, the wrinkle along the z axis is less than 0.05 nm
in 300 K. For an extensive area of NPG, the vibration along
the z axis should be close to pure graphene, approximately
equal to 1 nm [90], indicating the way of manipulating
NPG is like graphene. For instance, the strain is 0.0109
from the equilibrium state (θ = 110.72◦) to the expan-
sion state (θ = 120.27◦), and the corresponding energy
cost per unit cell is 3.114 eV (the area of the unit cell
is 2.2458 nm2). The energy needed is 0.222 Jm−2, even
smaller than the cleavage energy of graphite with a value of
0.33 Jm−2 [89], suggesting that NPG can be manipulated
by a relatively small force.

In summary, we exhibit the demonstration of mapping
from kirigami assembly on NPG metamaterials at atomic
scale whose thermal-switching ratio reaches 27.79 under
only 1% strain, which is more than double the value of
previous work. It can be stemmed from a metal-insulator
transition, which switches the main heat carrier in NPG
during the asymmetrical folding-unfolding deformation.

We hope the present results for inversely designing
kirigami-inspired thermal switches do invigorate the stud-
ies aimed at uncovering intriguing high-performance ther-
mal regulators, thermal diode, and thermal transistor, in
the discipline of phononics, which will play essential roles
in nanoscale calorimeters and thermal management of
microelectronics.
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