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A B S T R A C T   

With electron-conducting information technology, ion-conducting energy and environmental technology are 
promising for wide applications in a carbon-neutral world, but it has been challenging to achieve directional ion 
conduction in fast ion conductors, especially at the microscopic or even atomic scale. Here, the authors report a 
new atomic-level directional ion conductor of defect-engineered hexagonal boron nitride (h-BN) nanosheets for 
bioinspired nanofluidic iontronic devices, and propose a vacancy-defect-controlled strategy to achieve atomic- 
level directional hydrogen ion conduction in h-BN nanosheets. The adsorption and migration behaviors of 
hydrogen ions in h-BN nanosheets with both B and N vacancy defects were systematically investigated through 
the first-principle method. The best hydrogen adsorption sites are directly above N and B atoms in the B-vacancy 
and N-vacancy h-BN, respectively. It is found that the migration barriers of hydrogen ion in B-vacancy and N- 
vacancy h-BN are as high as 1.83–2.47 eV and 1.71–2.30 eV, respectively, which are much higher than the 0.72 
eV of intrinsic h-BN nanosheets. This means that hydrogen ions can conduct in defect-free h-BN, while they 
cannot conduct in B/N-vacancy defects. Accordingly, hydrogen ion conduction in h-BN nanosheets can be 
directionally controlled by controlling the position of vacancy defects, which can be artificially constructed by 
femtosecond laser plasma lithography. This work provides a new technology of vacancy-defect-controlled 
atomic-level directional ions conduction in 2D materials for ion-conductor integrated circuit, and opens the 
door for constructing bioinspired nanofluidic iontronic devices in future neuronal-computer interfaces.   

1. Introduction 

Ion conductors are of great essential in the fields of energy [1–4], 
sensors [5–9], artificial intelligence [10–13], and so on. 
Hydrogen/oxygen-ion conduction and lithium-ion conduction are the 
cores of fuel cells and lithium-ion batteries, respectively. Walther Nernst 
[14] first discovered that yttrium-stabilized zirconia (YSZ) can be used 
as an oxygen-ion conductor, opening the door to solid-state ionic de
vices. Additionally, Hiroyasu Iwahara et al. [15] were surprised to find 
proton conduction in doped SrCeO3 perovskite oxides and began 
developing protonic ceramic devices. In 2019, John B. Goodenough [16, 
17] won the Nobel Prize in recognition of his outstanding contributions 
to the field of lithium-ion batteries. For sensors, hydrogen sensors are 
common [18–21]. Zhi et al. [21] prepared the Pt/C/Nafion film and 

applied it to the hydrogen sensor. Hydrogen molecules are decomposed 
into hydrogen ions due to the catalysis of platinum (Pt), while Nafion 
has a high conductivity of protons. The sensitivity of the sensor is greatly 
improved by this electrochemical behavior. For artificial intelligence, 
the emergence of ionics, which realizes the organic combination of ion 
transmission and conductivity, will become the most potential signal 
transmission medium between electronic devices and biological sys
tems, and establish a bridge between biological brain and artificial brain 
[22–24]. Tan et al. [25] used the migration of ionic defects (oxygen 
vacancies, protons) in oxides to develop volatile adjustable memristive 
devices, and successfully simulated the function of biological synapses 
to realize the dynamic recognition of moving objects. Hou et al. [26] 
believes that nanofluidic-ion devices based on ion conduction will be the 
most likely development direction to realize the two-way connection 
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between the brain and computer. As we know, there is the essential 
difference between computers and biological systems [26]. The con
ventional computer with intensive energy consumption is of electron 
conduction with the aim to decrease device sizes in integrated circuits, 
while the biological system with energy-efficient characteristic ionic 
signals is of ion conduction with the aim to achieve sophisticated control 
of ions in different materials and to interface with biological processes. 
With the combination of electron and ion conductions, nanofluidic 
iontronic devices are for signal processing and are promising to develop 
future neuronal-computer interfaces [27]. 

Ion conduction is ubiquitous in all types of materials. According to 
the structural characteristics of different dimensions, it can be divided 
into zero-dimensional (0-D), one-dimensional (1-D), two-dimensional 
(2-D), and three-dimensional (3-D) materials. There are many types of 
0-D materials, including quantum dots, clusters, nano cages, core-shell 
structures and so forth [28,29]. Sun et al. [30] successfully synthe
sized the cubic anti-perovskite Na3OBH4 material. Through neutron 
diffraction experiments, it was found that the BH4 cluster in Na3OBH4 
can rotate freely; moreover, the rotation of the BH4 cluster can promote 
the conduction of Na+ ions. Zhu et al. [31] used 1 MeV Ne8+ ions to 
collide with the neutral N2Ar cluster, and observed strange heavy N+ ion 
transfer channel. 1-D materials include nanotubes, nanorods, nanowires 
and nanoribbons. Among them, carbon nanotube (CNT) [32] is repre
sentative of 1-D materials. Liu et al. [33] successfully prepared a carbon 
nanotube-based mesoporous material with an impregnation of red P, 
and demonstrated its high Na+ or K+ storage capacity, ultrafast ion 
conduction rate, as well as, outstanding ion cycle stability. Won et al. 
[34] studied the selective permeability of boron nitride nanotubes to KCl 
solution by density functional theory and molecular dynamics simula
tion, showing that only Cl− ions can conduct and transport in the boron 
nitride nanotube. 2-D materials [35,36] refer to materials in which 
electrons can only move freely on the nanoscale of two dimensions 
(plane motion), such as nanofilms, nanosheets, and superlattices, etc. 
Yoo et al. [37] researched the lithium storage performance of graphene 
nanosheets as a high-capacity cathode material for rechargeable 
lithium-ion batteries. They found that the specific capacity of graphene 
nanosheets is 540 mAh/g, which is much larger than that of graphite 
372 mAh/g. Hatakeyama et al. [38] prepared composite films by 
introducing sulfate ions into the intermediate layer of graphene oxide, 
showing high proton conductivity. 3D materials have a highly specific 
surface area, interconnected porous channels, high conductivity, and 

excellent structural stability [39,40]. Most fast ionic conductors are 3D 
materials [14,17,41–46]. So far, the studies on ion conduction in ma
terials with different dimensions still stay in meso- or macro-scale 
measurement, and remain huge challenges to the achievement of 
atomic-scale control, especially for the ideal atomic-level directional 
ions conduction. 

Hexagonal boron nitride (h-BN) [47], also known as “white gra
phene”, is the lightest and most important III-V group material. It has 
many unique characteristics, including high mechanical strength [48], 
good thermal conductivity [49], high melting point [50], and simple 
preparation [51]. Furthermore, h-BN nanosheets has good proton 
penetration properties. Hu et al. [52] proved through experiments that 
at room temperature, a proton can penetrate the complete structure of 
the monolayer h-BN, as well as, the conductivity is 100 mS/cm2 and the 
low activation energy is ~0.3 eV. Moreover, our previous work sys
tematically studied the influence of tensile strain on the transport 
behavior of hydrogen ions at the surface of pure h-BN [53]. In the pro
cess of preparing h-BN experimentally, there are always intrinsic va
cancies, including B atom vacancies (VB) and N atom vacancies (VN) 
[54–56]. Peng et al. [57] reviewed the impact of defect-engineering on 
the h-BN and discovered the changes in exotic characteristics brought 
about by defect-engineering. Zhang et al. [58] theoretically studied the 
mechanism of methane dry reforming reactions over h-BN nanosheets 
supporting Ni catalysts by means of density functional theory. They 
found that compared with intact h-BN nanosheets, B-vacancies h-BN 
exhibited better metal-carrier interaction properties with Ni and were 
able to promote the methane dry reforming reaction. Shen et al. [59] 
revealed the complex mechanical response of h-BN containing vacancy 
defects through extensive molecular dynamics simulations. And besides, 
a machine learning model based on convolutional neural networks has 
been established to effectively predict the mechanical properties of the 
vacancy h-BN. 

In this work, by introducing VB and VN into h-BN nanosheets and 
choosing hydrogen ions as the proof of concept, we develop a new 
method to achieve controllable directional conduction of hydrogen ion 
at the atomic-scale for the first time. The first-principle calculation re
sults show that the migration barrier of hydrogen ions on the intrinsic h- 
BN surface is much lower than that on the h-BN with vacancy defects, 
proving that the existence of vacancies affects and changes the migra
tion path of hydrogen ions in h-BN. The vacancy defects can be artifi
cially introduced into h-BN nanosheets, so the directional conduction of 

Fig. 1. The structure of (a) VB h-BN nanosheets and (c) VN h-BN nanosheets. Green balls represent the B element and grey balls represent the N element; the green 
dashed circle represents VB and the grey solid circle represents VN. The sliced ELF map of (b) VB h-BN nanosheets and (d) VN h-BN nanosheets on the (001) crystal 
face. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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hydrogen ions can be artificially controlled. 

2. Experimental 

This practical work applied a first-principle method based on the 
density functional theory [60,61], using a current software of the Vienna 
ab-initio Simulation Package (VASP) [62–64]. The interaction between 
valence electrons and ionic reals is represented by the 
projected-augmented wave pseudopotential [65]. The exchange corre
lation potential adopts Perdew-Burke-Ernzerhof under 
generalized-gradient approximation [66]. The cut-off energy was 400 
eV. The integration of Brillouin zone adopts the Monkhorst-Pack method 
[67]. The k-points mesh of 3 × 3 × 1 for unit cell was utilized in the 
structural optimization, and the 5 × 5 × 1 was utilized in the electronic 
properties. The energy of convergence criterion was ≤10− 5 eV, and the 
Hellman-Feynman force acting on each atom was ≤0.005 eV/Å. To 
eliminate the interaction between B-vacancy (VB) and N-vacancy (VN) 
h-BN nanosheets, a vacuum layer of 15 Å was selected in the direction 
perpendicular to the h-BN plane. The van der Waals interaction 
correction (DFT-D2) was used [68,69]. The climbing-image nudged 
elastic band [70] was applied to determine the hydrogen ion transport 
path and the energy barrier, and the VESTA drawing software [71] is 
used. 

Ordinarily, the adsorption energy Ead is important for 

comprehending the hydrogen ion adsorption behavior on the VB/VN h- 
BN nanosheets surface. A negative value means hydrogen ions can be 
adsorbed on the VB/VN h-BN surface. Here, the Ead is defined as follows: 

Ead =EVB/VN h− BN+H − EVB/VN h− BN– EH (1)  

where EVB/VN h-BN+H and EVB/VN h-BN are the optimized total ground state 
energies of the VB/VN h-BN with hydrogen and VB/VN h-BN nanosheets, 
respectively. EH is the total energy of an isolated hydrogen atom. 

3. Results and discussion 

3.1. The structure and electronic properties of VB and VN h-BN 
nanosheets 

As shown in Fig. 1, we first discussed the structural properties of B- 
vacancy (VB) and N-vacancy (VN) h-BN nanosheets. The geometrically 
optimized lattice constants a and b, lattice angles α, β and γ, B–B bond 
lengths dB-B, N–N bond lengths dN-N, and the number of B/N atoms are 
listed in Table 1. Fig. 1(a) shows the structure of the VB h-BN nanosheets. 
The lattice constant is a = b = 9.99 Å, lattice angle α = β = 90◦ and γ =
120◦, and bond length dN-N = 2.64 Å. The number of B atoms in the VB h- 
BN primitive cell is 15 and the number of N atoms is 16. Moreover, the 
electron localization function (ELF) map of VB h-BN nanosheets is shown 
in Fig. 1(b), which can provide a clear image of the charge localization. 
According to Fig. 1(b), no charge was localized at the B-vacancy, and the 
charge was mainly distributed on the B–N bond. For VN h-BN nano
sheets, Fig. 1(c) shows its structure. The lattice constant is a = b = 9.89 
Å, lattice angle α = β = 90◦ and γ = 120◦, and bond length dB-B = 2.21 Å. 
Compared with the VB h-BN structure, the lattice constant of VN h-BN 
nanosheets decreases. The number of B atoms in the VN h-BN primitive 
cell is 16 and the number of N atoms is 15. There are charges localized at 
the N-vacancy, as shown in Fig. 1(d). The optimization results of all the 

Table 1 
Lattice constant a and b (Å), lattice angle α, β and γ (◦), bond length dB-B and dN-N 
(Å), and the number of B/N atoms (BAN/NAN) of different configurations BN.  

sample a = b α = β γ dB-B dN-N BAN NAN 

h-BN 10.00 90 120 2.50 2.50 16 16 
B-vacancy 9.99 90 120 – 2.64 15 16 
N-vacancy 9.89 90 120 2.21 – 16 15  

Fig. 2. The TDOS of (a) VB h-BN nanosheets and (c) VN h-BN nanosheets. The blue shaded area is the TDOS of intrinsic h-BN nanosheets. The band structure of (b) VB 
h-BN nanosheets and (d) VN h-BN nanosheets. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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architectures show that vacancy defects only lead to the reconstruction 
of B or N atoms in the h-BN plane. After reconstruction, all atoms are still 
in the same plane without longitudinal bending or folding, and VB/VN 
can still exist. In order to facilitate comparison with the structural pa
rameters of intrinsic h-BN nanosheets, the structure of h-BN is also 
calculated, as shown in Fig. S1. For intrinsic h-BN nanosheets, the lattice 
constant is a = b = 2.50 Å, lattice angle α = β = 90◦ and γ = 120◦, bond 
length dB-B = 2.50 Å and dN-N = 2.50 Å, which is in good agreement with 
other work [72]. It can prove the reliability of the calculation results. 
The structural parameters of h-BN nanosheets 4 × 4 × 1 supercell are 
listed in Table 1. 

Based on the stable h-BN nanosheets with vacancy defects, we 
further studied their electronic properties, and calculated the total 
density of states (TDOS) and energy band structure of VB and VN h-BN 
nanosheets. In Fig. 2(a) and Fig. 2(c), the blue shaded area is the TDOS 
of intrinsic h-BN nanosheets. There is no distribution of electronic states 

at the Fermi-level, suggesting that h-BN is a wide band-gap semi
conductor. The band gap of the h-BN is about 4.67 eV, as shown in 
Fig. S1(b). As for VB and VN h-BN nanosheets, it can be seen from their 
TDOS that there are electronic states passing through the Fermi-level 
and therefore both VB and VN h-BN nanosheets show metallic proper
ties. Fig. 2(b) and (d) show the energy band structure of VB and VN h-BN, 
respectively. 

3.2. Hydrogen absorption on the VB and VN h-BN nanosheets 

The adsorption properties of hydrogen on the VB and VN h-BN 
nanosheets surface were investigated. For VB h-BN nanosheets, by 
structural symmetry, a single hydrogen ion has five different adsorption 
sites at the VB h-BN nanosheets surface, as shown in Fig. 3(a) and Fig. S2. 
In accordance with the definition of adsorption energy Ead in Eq. (1), we 
calculated the Ead of a single hydrogen ion at five adsorption sites, and 
the data are listed in Table 2. The Ead data are negative, indicating that 
hydrogen ions can be stably adsorbed at these sites and on the VB h-BN 
nanosheets surface. In Fig. 3(a), the hydrogen ion is mainly adsorbed on 
the top of the N atom. For VN h-BN nanosheets, a single hydrogen ion 
also has five adsorption sites on its surface, as shown in Fig. 3(b). Unlike 
VB h-BN, in VN h-BN, the hydrogen ion is mainly and directly adsorbed 
above the B atom. And besides, the Ead data are also negative. This 
means that for both B-vacancy and N-vacancy on the h-BN surface, 

Fig. 3. Five typical adsorption sites on the (a) VB h-BN nanosheets surface and (b) VN h-BN nanosheets surface.  

Table 2 
After optimization, the adsorption energy Ead (eV) of a single H atom on the VB h- 
BN nanosheets and VN h-BN nanosheets surface.  

sample site-1 site-2 site-3 site-4 site-5 

B-vacancy − 5.23 − 4.50 − 4.28 − 4.22 − 4.14 
N-vacancy − 3.30 − 5.13 − 5.24 − 5.05 − 5.07  

Fig. 4. (a) The structure of the H atom adsorbed at site-1 after optimization in VB h-BN nanosheets. (b) The charge density difference of H/VB h-BN system. (c) The 
sliced ELF map of the H/VB h-BN system on the (001) crystal face. (d) The TDOS of the H/VB h-BN system (red line). The green shaded area is the TDOS of VB h-BN 
nanosheets. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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hydrogen ion can spontaneously and stably adsorb on the surface of h- 
BN. 

The adsorption behavior of single hydrogen on the VB h-BN nano
sheets surface was explored. There are many adsorption sites of 
hydrogen on the VB h-BN surface, and a typical adsorption site was 
selected out: site-1, as the discussion object. A single hydrogen was 
placed at the B-vacancy as the initial adsorption position for structural 
optimization. The results showed that the hydrogen placed at the given 
initial position could not be automatically moved to other positions, and 
the structure did not deform after VB h-BN adsorbed hydrogen, as shown 
in Fig. 4(a). Fig. 4(b) and (c) are the charge density difference and ELF 
map of a hydrogen ion adsorbed on the VB h-BN nanosheets surface, 
respectively. As mentioned above, VB h-BN nanosheets is metallic. When 
a single hydrogen ion is adsorbed on the VB h-BN, the TDOS of H/VB h- 
BN system is shown in Fig. 4(d). The red line is the TDOS of H/VB h-BN 
system. The red line passes through the Fermi-level, which indicates that 
the H/VB h-BN system is still metallic. See Fig. S3 to Fig. S6 four for other 
H/VB h-BN systems. 

For VN h-BN nanosheets, the adsorption behavior of a single 
hydrogen ion at site-1 is discussed, and the four other H/VN h-BN sys
tems are shown in Fig. S7 to Fig. S10. In Fig. 5(a), the structure of a 
hydrogen atom adsorbed at site-1 after optimization in VN h-BN nano
sheets. And there is charge transfer between hydrogen ion and VN h-BN 

nanosheets in the H/VN h-BN system, as shown in Fig. 5(b), as well as the 
sliced ELF map of H/VN h-BN system on the (001) crystal face is shown in 
Fig. 5(c). The Ead is negative at site-1. These results show that hydrogen 
ion is chemisorpted on the VN h-BN surface, which is the same as that of 
hydrogen ion on VB h-BN surface. Additionally, when a single hydrogen 
ion is adsorbed on VN h-BN surface, the system changes from metal to 
semiconductor, as shown in Fig. 5(d). 

3.3. Hydrogen ion transport on the VB and VN h-BN nanosheets 

As everyone knows, it is important and challenging to control the 
direction of ion transport at the atomic-level. In order to deeply un
derstand the controllable factors, we studied the migration properties of 
hydrogen ions on the VB and VN h-BN nanosheets surface. In VB h-BN 
nanosheets, according to the symmetry of the structure, a single 
hydrogen ion has seven different migration paths on its surface. To more 
clearly discuss the transport behavior of hydrogen ion, three paths were 
selected, as shown in Fig. 6(a). The path I is site-1 to site-2, the path II is 
site-3 to site-3, and the path III is site-3 to site-5. In Fig. 6(b), the 
migration barriers of a single hydrogen ion along path I, path II, and path 
III are 2.33 eV, 2.47 eV, and 1.83 eV, respectively. The migration of a 
single hydrogen ion along the other four paths is shown in Fig. S11. 

In VN h-BN nanosheets, we also selected three paths, as shown in 

Fig. 5. (a) The structure of H atom adsorbed at site-1 after optimization in VN h-BN nanosheets. (b) The charge density difference of H/VN h-BN system. (c) The sliced 
ELF map of H/VN h-BN system on the (001) crystal face. (d) The TDOS of H/VN h-BN system (red line). The green shaded area is the TDOS of VN h-BN nanosheets. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. (a) The hydrogen ion migration in Path I, Path II, and Path III on the VB h-BN nanosheets surface. (b) The energy profile of hydrogen ion transport with 
different paths. 
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Fig. 7(a). The path I is site-1 to site-2, the path II is site-2 to site-4, and 
the path III is site-3 to site-4. In Fig. 7(b), the migration barriers of a 
single hydrogen ion along path I, path II, and path III are 1.71 eV, 1.98 
eV, and 2.30 eV, respectively. The migration barrier of hydrogen ion on 
the VN h-BN surface is slightly lower than that on the VB h-BN surface. 
The migration of a single hydrogen ion along the other four paths is 
shown in Fig. S12. 

We have counted and summarized the migration barriers of 
hydrogen ion on the surfaces of VB h-BN nanosheets, VN h-BN nanosheets 
and intrinsic h-BN nanosheets, as shown in Fig. 8(a). The migration 
barriers of hydrogen ion on VB h-BN and VN h-BN surfaces are 1.83–2.47 
eV and 1.71–2.30 eV, respectively. Moreover, the migration barrier of 
hydrogen ion on the intrinsic h-BN nanosheets surface is 0.72 eV 
(Fig. S13). In principle, the migration barrier of hydrogen ion in fast 
ionic conducting materials is no more than 1.0 eV [74,75], as shown in 
the green dotted line in Fig. 8(a). Obviously, the migration barriers of 
hydrogen ion for both VB h-BN and VN h-BN are much higher than this 
threshold value. This means that hydrogen ions can conduct in 
defect-free h-BN, while they cannot conduct in B/N-vacancy defects. 
Based on this, the femtosecond laser plasmonic lithography (FPL) [76] 
can be used to artificially construct vacancy defects with different di
rections and sizes on the h-BN nanosheets surface by using the accom
panying nonlinear optical effect, which is similar to the principle of the 
oldest man-made water system in the world of the Dujiangyan Irrigation 
Project in China [73,77,78], as shown in Fig. 8(b). Directional control of 
water flow and/or hydrogen ion conduction using artificially con
structed barriers. In this way, the conduction direction of hydrogen ion 
can be manually interfered by introducing man-made vacancies on the 
h-BN surface, and the atomic-level control of ion directional conduction 
can be realized in the h-BN nanosheets, being promising and working for 
ion-conductor integrated circuit and bioinspired nanofluidic iontronic 
devices [26,27]. 

4. Conclusion 

Defect-engineered h-BN nanosheets as a vacancy-defect-controlled 
atomic-level directional hydrogen ion conductor was achieved, being 
promising for constructing new-type nanofluidic iontronic devices. The 
adsorption and migration behavior of hydrogen ion on the B-vacancy 
and N-vacancy h-BN nanosheets were systematically studied by the first- 
principle method. It is found that the migration barrier of hydrogen ions 
is 1.83–2.47 eV on the surface of B-vacancy h-BN and 1.71–2.30 eV on 
the surface of N-vacancy h-BN, much higher than the threshold value of 
1.0 eV, while the migration barrier of hydrogen ion on the intrinsic h-BN 
surface is only 0.72 eV. Accordingly, hydrogen ion conduction in h-BN 
can be directionally controlled by controlling the position of vacancy 
defects, which can be artificially constructed through femtosecond laser 
plasma lithography. This work provides a new technology of vacancy- 
defect-induced atomic-level directional ions conduction in 2D mate
rials for ion-conductor integrated circuit, which is a new strategy to 

Fig. 7. (a) The hydrogen ion migration in Path I, Path II, and Path III on the VN h-BN nanosheets surface. (b) The energy profile of hydrogen ion transport with 
different path. 

Fig. 8. (a) The migration energy of hydrogen ion in VB, VN, and intrinsic h-BN 
nanosheets. The green dotted line represents the threshold for hydrogen ion 
conduction. (b) Schematic diagram of vacancy-defect-induced atomic-level 
directional hydrogen ion conduction in h-BN nanosheets, which is similar to the 
world-famous Dujiangyan Irrigation Project [73]. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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realize atomic-level artificially controlled ion directional conduction in 
flexible iontronics. Additionally, it opens the door for constructing 
bioinspired nanofluidic iontronic devices in future neuronal-computer 
interfaces. 
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