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Molecular sieving is of great importance to proton exchange in fuel cells, water desalination,
and gas separation. Two-dimensional crystals emerge as superior materials showing desirable molecular permeability and selectivity. Here we demonstrate that a graphdiyne membrane, an experimentally fabricated member in the graphyne family, shows superior proton
conductivity and perfect selectivity thanks to its intrinsic nanomesh structure. The transmembrane hydrogen bonds across graphdiyne serve as ideal channels for proton transport in
Grotthuss mechanism. The free energy barrier for proton transfer across graphdiyne is
~2.4 kJ mol−1, nearly identical to that in bulk water (2.1 kJ mol−1), enabling “transparent”
proton transport at room temperature. This results in a proton conductivity of 0.6 S cm−1 for
graphdiyne, four orders of magnitude greater than graphene. Considering its ultimate pore
size of 0.55 nm, graphdiyne membrane blocks soluble fuel molecules and exhibits superior
proton selectivity. These advantages endow graphdiyne a great potential as proton exchange
material.
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olecular sieving is of great importance to proton
exchange membranes (PEMs) for fuel cells (FCs)1,2,
water desalination3, and gas separation4. Due to the
ultrathin ﬁlm thickness and high mechanical strength, twodimensional (2D) materials are promising for molecular sieving
and exhibit desirable molecular permeability and selectivity4–8
that is dependent on the natural9 or fabricated10–12 pores in
membrane planes. Recently, proton conductivity has been realized in 2D materials, for example, graphene13–15, graphene
oxides16, and hexagonal boron nitride (h-BN)14,15,17. Theoretical
works demonstrate that the energy barriers are very large
(>1.5 eV) for proton, the lightest nuclei, to transport through
non-defective graphene18–22, whether in chemisorption or physisorption processes. The emergence of transport channels
accounts for improved proton conductivity21–23. For instance,
defects such as Stone–Wales defect are known to reduce the
energy barrier of proton transfer through graphene in vacuum
from 1.5 to 0.9 eV21. However, the proton conductivity from
naturally occurring defects is low due to their relatively small
density on graphene membrane14.
The density of nanopores for proton transport (PT) can be
greatly enhanced by oxidation of graphene, which simultaneously
gives rise to functional groups, for example, hydroxyl and epoxy
moieties, decorating the membranes. Consequently, graphene
oxides exhibit nice proton conductivity across membrane in
aqueous condition, via interactions between water and functional
groups on the periphery of nanopores16. However, it is hard to
control the oxidation procedure to achieve uniform pore sizes and
decoration. Large pinholes can be generated, which greatly
deteriorates proton selectivity, a strongly desired property in
realistic applications. For example, proton selectivity over
methanol molecules is required for PEM applications in direct
methanol FCs. There is a balance required between proton conductivity and selectivity, the two competing factors strongly
dependent on the size of transport channels.
For PEMs in FCs, the optimal size of channel is supposed to be
between proton and soluble fuel molecules to achieve both good
conductivity and selectivity. Meanwhile the membranes also need
to exhibit large channel density and great channel uniformity.
However, besides oxidation, other technologies for pore drilling,
for example, ion bombardment11,12, also fail to generate such
delicate channels. Fortunately, the intrinsic 2D nanomesh materials exhibit periodically distributed nanopores with greatest pore
density and uniformity, and thus show a great potential as
molecular sieving materials9,24. Among them, graphdiyne25, also
called graphyne-2, as the experimentally fabricated 2D nanomesh
membrane in the graphyne family26–29, exhibits excellent
mechanical, physical, and electrochemical properties30–36.
Graphdiyne shows an ultimate pore size of 0.55 nm (van der
Waals pore size of 0.06 nm2) and the unprecedented nanopore
density of 2.5 × 1018 m−2. Activated transport is found for H2,
CO, CH4, and H2O molecules due to its ultimate pore size34–36.
However, despite the optimal pore size and superior pore uniformity, the proton conductivity and selectivity in aqueous
solutions have not been tested for graphdiyne.
In this work, we demonstrate using extensive ab initio molecular
dynamics (AIMD) simulations and density functional theory
(DFT) calculations that graphdiyne membrane exhibits superior
proton conductivity and selectivity in aqueous solutions at room
temperature (Fig. 1). Trans-membrane (TM) hydrogen bonds
(HBs) across graphdiyne membrane serve as an ideal channel for
proton transfer in a Grotthuss mechanism. The free energy barrier
for proton transfer across membrane is found to be ~2.4 kJ mol−1
at room temperature, nearly identical to that in bulk water (~2.1 kJ
mol−1). Thus, protons can freely diffuse through graphdiyne
membrane triggered by thermal ﬂuctuations. The corresponding
2

Fig. 1 A schematic illustration for proton conductivity and selectivity of
graphdiyne membrane. Color code: C, gray; H, white; O, red; graphdiyne
membrane, blue; hydrogen bond, red dot line

proton conductivity of graphdiyne membrane is estimated to be
0.6 S cm−1, which is four orders of magnitude greater than graphene and one order of magnitude greater than the commercial
PEM material Naﬁon. The rate of PT can be further enhanced
when nuclear quantum effects (NQEs) have been taken into
account. In addition, the optimal nanopore size gives rise to
superior proton selectivity, while transport of soluble fuel molecules is fully blocked. Therefore, graphdiyne shows a great
potential as PEM materials in FCs, sensors, and other applications.
Results
Proton diffusion in the vicinity of membrane. To verify proton
conductivity of graphdiyne membrane, we performed two sets of
long-time equilibrium AIMD simulations of proton diffusion at
water–graphdiyne interfaces. In the simulations, 32 water molecules are equally distributed on both sides of the graphdiyne
membrane, and thus the thicknesses of the water layers on the
two sides are both about 8 Å. The two sets of equilibrium AIMD
simulations were performed with two different initial positions of
H3O+ complexes. (The deﬁnition of proton position is shown in
Supplementary Fig. 1 and Supplementary Note 1.) In the ﬁrst
group, a H3O+ complex is initially located in the bulk water
layers below the membrane, while a H3O+ complex is put directly
beneath the nanopore of the graphdiyne membrane in the second
group. After optimization, total AIMD simulations of 120 ps were
performed at 300 K to reveal the PT behavior at the interface.
Surprisingly, a proton diffuses through graphdiyne membrane
from the water layers below the membrane to that above the
membrane in Traj_1 of Fig. 2a. The TM PT phenomenon occurs
under unbiased conditions, which indicates that thermal ﬂuctuations trigger the TM PT and graphdiyne membrane exhibits weak
hindrance for TM PT. However, the proton complexes are still
located in the water layers below the membrane in other
trajectories Traj_2, Traj_3, and Traj_4. We can get more insight
of interfacial proton diffusion in the second set of simulations due
to the close initial contact of proton and graphdiyne membrane as
discussed below. As shown in Fig. 2b, in the second set of
simulations proton frequently transfers across the graphdiyne
atomic plane back and forth in the ﬁrst 3 ps, verifying the
superior efﬁciency of TM PT. Then, the protons diffuse through
graphdiyne membrane to the water layers above the membrane in
Traj_1 and Traj_2, and off membrane to the water layers below
the membrane in Traj_5 and Traj_6, and they are still close to the
graphdiyne membrane in Traj_3 and Traj_4. The diverse
directions lead to a nearly uniform distribution of protons in
the water layers. Meanwhile, the picosecond timescale for proton
transfer away from membrane indicates that graphdiyne
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Fig. 2 Diffusion of protons at water–graphdiyne interfaces. The trajectories of protons with proton initially located a in the bulk water layer below
graphdiyne membrane and b right beneath the nanopore of graphdiyne membrane
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Fig. 3 The process of trans-membrane proton transport. a–d The chronological snapshots for proton transport across graphdiyne membrane via the
Grotthuss mechanism in Traj_1 of Fig. 2a. Color code: C, gray; H, white; O, red; H in H3O+ complex, green; O in H3O+ complex, magenta

membrane does not block proton diffusion at all in aqueous
solution at ambient conditions.
To gain deeper insight for TM PT, we track the Traj_1 in Fig. 2a.
Figure 3a–d show the snapshots of TM PT process chronologically.
Proton transfers sequentially from the lower water molecule in
Fig. 3a to the upper water molecules in Fig. 3b–d via HBs in the
Grotthuss mechanism, with four oxygen atoms acting as
intermediate hopping sites. In the above process, a TM HB
emerges and connects the lower and upper water layers, thus
constituting a consecutive channel for proton transfer across the
graphdiyne membrane. We note that proper dipole orientation of
the water molecule in the transport channel is necessary for TM
PT. This characteristic interfacial water structure is indeed resulted
from the porous morphology of graphdiyne membrane36.
Interfacial water structure. Classical molecular dynamics simulations (Supplementary Method 1) conﬁrm the characteristic

interfacial structure of water. As shown in Fig. 4a, a peak (region
I) in the water density proﬁle emerges besides the conventional
water layer37 (region II). The peak in region I corresponds to
water molecules located right above each nanopore in Fig. 3b–c.
We note that almost every nanopore in the graphdiyne membrane is occupied by water molecules. The conventional water
layer in region II corresponds to water molecules at the surface of
graphdiyne (similar to water molecules in the case marked in
Fig. 3a, d). We deﬁne water molecules at region I as active water,
water molecules in region II as interfacial water, and others as
bulk water. Importantly, although separated by graphdiyne
membrane, the two active water molecules from both sides of a
nanopore form a TM HB at the probability of 70% even at
ambient conditions. Besides this TM HB, the active water molecule forms 2 or 3 additional HBs with interfacial water molecules
in region II. No HB forms between two adjacent active water
molecules on the same side due to the large separation of 5.5 Å
between adjacent nanopore centers. We note that the adequate
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Fig. 4 Transparent proton transport via the characteristic interfacial water structure. a Oxygen density distribution along surface normal of graphdiyne
membrane. b Probability distribution of the excess proton as a function of δ and dOO in trans-membrane (TM) step (i) sampled in all 10 equilibrium
simulations. c The free energy proﬁle for the excess proton in TM step (i) and in bulk water. The thermal energy kBT at 300 K is marked as the horizontal
dashed line. d Distribution of dOO for the excess proton in TM step (i) and in bulk water

pore size and the hydrophobic pore rim is the key to the formation of stable TM HBs. TM HBs cannot form across graphyne1 and graphene membranes.
TM free energy barrier. To characterize proton transfer process,
we deﬁne transfer coordinate δ of each proton as the distance
difference between the proton and its two nearest oxygen atoms
(O1 and O2), δ = dHO1 − dHO2. Thus, the excess proton is the
proton with the smallest transfer coordinate δ. The species of
proton complex are differentiated on the basis of transfer coordinate δ (Supplementary Fig. 1 and Supplementary Note 1).
Associated with δ, dOO is deﬁned as the distance between the O1
and O2 atom. The shape of the potential energy surface for
proton transfer as a function of δ is closely related to the value of
dOO, with smaller dOO normally gives a smaller proton transfer
barrier.
Considering the unique interfacial water structures, we divide
the PT process across the membrane from region I′ (active layer
on one side of the membrane) to region II (interfacial layer on the
other side of the membrane) into three sequential steps: (i) TM
transfer (region I′ ↔ I, I denotes the region on the other side of
the membrane), (ii) switch of excess proton on the same oxygen
atom located in region I; and (iii) active-to-interfacial (region I ↔
II) transfer.
We focus on the TM step (i) ﬁrstly. Figure 4b shows the
probability distribution of the excess proton as a function of δ and
dOO in TM step (i) sampled in equilibrium simulations above.
The double-peak structure indicates that proton is mainly H3O+
complex shown in Fig. 3b–c, and the reduced probability at δ = 0
corresponds to the transition state of H5O2+ complex. We extract
the free energy of proton transfer as: ΔF ¼ kB T ln P, where P is
4

the probability as a function of proton transfer coordinate δ, T is
temperature, and kB is the Boltzmann constant. As shown in
Fig. 4c, the free energy barrier for proton transfer across
graphdiyne membrane is smaller than kBT at 300 K, indicating
that thermal ﬂuctuations are sufﬁcient to drive the TM PT. The
barrier (2.4 kJ mol−1) for PT across the graphdiyne membrane is
slightly greater than that (2.1 kJ mol−1) in bulk water (Supplementary Note 2). Besides, the minima on the free energy proﬁle
of TM PT is 0.04 Å farther away from δ = 0. Both are attributed
to that the dOO in TM HB is 0.04 Å greater than that in bulk water
as shown in Fig. 4d. Despite the small difference, the same energy
proﬁles demonstrate that the TM PT is easily driven by thermal
ﬂuctuations, in the same manner to that in bulk water. Although
proton diffusion involves breaking of OH bonds, the excess
proton could not bond to graphdiyne membrane (Supplementary
Fig. 2), which is attributed to the hydrophobic effects of the inert
and neutral pore rim. Besides, the TM H5O2+ complex is the
most stable proton complex in vacuum, shown in Supplementary
Fig. 3 and Supplementary Note 3. Thus, the inert nanopore on
graphdiyne membrane only serves as a spatial constraint for TM
proton transfer.
The free energy proﬁle in the active-to-interfacial (region I ↔
II) proton transfer step (iii) is asymmetric as shown in
Supplementary Fig. 4, and proton slightly prefers to bond to
the active water. However, the barrier for proton transfer off the
active water molecule is only 0.7 kJ mol−1 larger than kBT, and
protons could diffuse into the bulk water at a picosecond
timescale in MD simulations. The step (i) and step (iii) can be
connected via the switch of the excess proton on the oxygen atom
at region I via step (ii). The excess proton can be one of the three
protons bound to the single oxygen, where one proton
corresponds to TM proton transfer and two protons correspond
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transfer taking a value of 0.34 Å (the distance from energy
minimum to δ = 0), and q is the effective charge of excess proton
in hydronium molecule (~0.4e). The estimated barrier reduction
of 1.3 kJ mol−1 is consistent with the statistical result obtained
from MD simulations.
Another issue to be considered is the NQEs, as proton is the
lightest nucleus and PT occurs in a conﬁned system. This is
carried out by performing ab initio path-integral molecular
dynamics (PIMD) simulations under the same electric ﬁeld and
comparing the results with that of the AIMD simulations. Figure
5a shows a typical quantum conﬁguration of TM H5O2+ complex
in transport processes. It is obvious that the zero-point energy
effects lead to the swelling of proton nuclei. Besides this, the free
energy proﬁle was calculated using the same equation as the
classical one. From Fig. 5b, we see that this barrier is further
decreased by 0.8 kJ mol−1 upon including the NQEs. Besides, the
minima on the free energy proﬁle of quantum proton are 0.1 Å
closer to δ = 0. Both indicate that including the NQEs greatly
enhances the efﬁciency of proton transfer. Considering the small
energy difference of 0.3 kJ mol−1 between PT in bulk water and
TM PT using classical nuclei in Fig. 4c, the graphdiyne membrane
is more transparent upon including the NQEs.

to active-to-interfacial proton transfer, shown in Fig. 3b. We
count the two kinds of excess protons exhibiting proton transfer.
Statistical result shows that the ratio between the two kinds of
excess protons is 1:2. Besides, the excess proton switches quickly
between the two kinds of protons at a timescale of 10 fs, implying
that the proton diffusion proceeds forward and backward freely at
the interface. Therefore, via the three steps discussed above,
proton freely diffuses across graphdiyne membrane as in bulk
water, and graphdiyne membrane is almost “transparent” for
proton diffusion.
PT driven by electric ﬁeld. Besides the equilibrium statistics, a set
of ten AIMD simulations under electric ﬁeld were also performed
to simulate PT phenomena across graphdiyne membrane under
non-equilibrium conditions. More speciﬁcally, two protons were
placed on the same side away from graphdiyne membrane with
an electric ﬁeld of 0.1 V Å−1 to accelerate PT in these simulations
(Supplementary Fig. 5). The strong acidity (~4 M) and large
electric ﬁeld are included to introduce a directional transport of
proton and to get around of the unprecedented heavy computation cost. Considering the nature of graphdiyne membrane, we
take the distance between the two interfacial water layers as the
effective thickness of graphdiyne membrane in the series circuit
of water–membrane–water system. Then, we deﬁne the residence
time τ as the time interval between the ﬁrst excess proton
reaching the lower interfacial water in Fig. 3a and that reaching
the upper interfacial water in Fig. 3d, involved in the three steps
above, to quantify the transport rate of graphdiyne membrane.
The result shows that the average residence time τ is 0.47 ps. The
corresponding proton conductivity is 8.7 S cm−1 for a single
nanopore. Assuming that proton is equally distributed in solution, we estimate the proton conductivity of graphdiyne membrane is 0.6 S cm−1, which is one order of magnitude greater than
the commercial Naﬁon38. Besides, compared with other 2D
materials, the areal proton conductivities of graphdiyne is four
orders of magnitude greater than graphene at ~500 K14, and two
orders of magnitude greater than graphene oxide16.
We extract the free energy proﬁle for PT sampled during
the residence time, which is shown in Fig. 5b. Compared to the
classical barrier without electric ﬁeld in Fig. 4c, we see that the
barrier is reduced by 1 kJ mol−1 due to the acceleration effect of
electric ﬁeld, which is consistent with the fast transport of excess
proton through graphdiyne membrane. We can estimate the
barrier reduction by electric ﬁeld schematically with ΔE~Fdq,
where F represents the electric ﬁeld that takes a value of 0.1 V Å−1
here, d is the displacement of excess proton during proton

a

Feasibility as PEMs. To compare with other 2D materials facilely,
we perform climbing image nudged elastic band (CI-NEB) calculations to get the energy barriers for proton transfer through a
variety of 2D materials (Supplementary Fig. 6). Two water
molecules are located on each side of membrane to include the
aqueous effects. Considering the fact that the proton complex
H5O2+ is stable across graphdiyne membrane, we ﬁx the distance
of two oxygen atoms to 2.8 Å to get an estimate of barrier
maximum in simulations of graphdiyne membrane. The distance
of 2.8 Å is large enough to accommodate proton transfer events in
AIMD simulations (Fig. 4d). As shown in Fig. 6, the energy
barriers for non-defective graphene (4.04 eV) and h-BN (3.48 eV)
are too large for proton to transfer. With the emergence of
nanopores in β-boron and graphyne-1, the barrier greatly
decreases to ~1 eV. No TM HB can be formed across these
membranes above. While, via the preformed TM HB, an ultralow
barrier of 0.15 eV is obtained for proton transfer across 0.55-nmdiameter nanopore on graphdiyne. Furthermore, in realistic
aqueous solutions, this barrier decreases owing to ﬂuctuations in
dOO, consistent with the free energy barrier of 2.4 kJ mol−1
(0.025 eV) calculated above. Comparing to previous results, PT
across graphdiyne membrane exhibits no extra requirements,
for example, decoration of nanopores13, hydrogenation, and
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Fig. 5 Trans-membrane (TM) proton transport driven by electric ﬁeld. a Typical quantum conﬁguration of TM H5O2+ complex in path-integral molecular
dynamics (PIMD) simulations. b The free energy proﬁle of the excess proton during proton transport processes from classical and quantum nuclei
simulations under electric ﬁeld, respectively. The proﬁles are symmetrized for a more accurate quantiﬁcation of the barrier. The thermal energy kBT at
300 K is denoted by the horizontal dashed line
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Table 1 Energy barriers for solutes in aqueous solution
passing through nanopore in graphdiyne membrane
Graphene
h-BN
β-boron
Graphyne-1
Graphdiyne
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Energy barrier (eV)
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Fig. 6 Energy barriers for proton transport across different two-dimensional
(2D) membranes

distortion of membranes39, to attain a low energy barrier. Besides,
the great nanopore density of 2.5 × 1018 m−2 and uniformity of
nanopores in graphdiyne membrane greatly enhance the PT
efﬁciency in aqueous solutions.
The TM HBs across graphdiyne offer a fast channel for proton
transfer in the Grotthuss mechanism, which accounts for the
proton transparency property of graphdiyne membrane. The
proton transparency property is further demonstrated with nearly
the same energy barrier proﬁles of proton transfer in free and TM
H3O+–H2O complexes (Supplementary Fig. 7c). Besides, benchmark calculations with the hybrid functional (Supplementary
Note 4) conﬁrm the proton transparency property of graphdiyne
membrane (Supplementary Figs. 7d, 8, and 9) and the existence of
TM HBs (Supplementary Fig. 10). We note that the TM
structures can be regarded as the shortest one-dimensional water
wires as those in 0.8-nm-diameter carbon nanotubes, where
superior PT rate is also obtained40. The hydrophobic pore rim
facilitate the formation of transport channel of this short onedimensional water wire in graphdiyne nanopore, in the same way
as that in the hydrophobic inner wall of carbon nanotubes.
We note that H3O+ complex directly penetrating the nanopore
in graphdiyne membrane could offer another transport channel
for TM PT. The CI-NEB calculations (Supplementary Fig. 6)
show an energy barrier of 0.55 eV. However, the relatively large
barrier of 0.55 eV results in a small contribution to TM PT
compared with the ultralow barrier of 0.025 eV in the Grotthuss
mechanism. Meanwhile, in PEM applications, the driven force is
electrical ﬁeld or concentration gradient. It is distinctly different
from water transport where the energy barrier can be modulated
by large hydrostatic pressure36. We conclude that this transport
channel plays a secondary role in TM PT at ambient conditions,
which albeit enhances the efﬁciency of TM PT through
graphdiyne membrane.
To verify the proton selectivity of graphdiyne membrane, we
calculate energy barriers of soluble fuel molecules and ions
passing through the graphdiyne membrane with scanning-path
method (Supplementary Fig. 11). As shown in Table 1,
graphdiyne membrane shows great barriers for CH3OH
(1.77 eV) and CH3CH2OH (3.66 eV), and impermeable for both
soluble molecules due to the great molecular volume. Furthermore, graphdiyne membrane also shows great barriers for Na+
(1.09 eV) and Cl− (1.4 eV) due to the dehydration effects of ions,
thus the transport of ions is blocked36. Thus, graphdiyne
membrane shows a superior proton selectivity in aqueous
solution at ambient conditions.
The superior proton conductivity of graphdiyne membrane
is attained at room temperature, which is completely different
from proton conductivity of graphene promised at elevated
6

Proton
0.15

temperature14. The optimal pore size not only gives rise to the
nice proton conductivity, but allows the excellent separation
efﬁciency of proton from soluble fuel molecules and ions. It nicely
addresses the severe issues of high fuel permeability and rigorous
working conditions, which limit the efﬁciency of commercial
PEM Naﬁon. Besides, the ultrathin graphdiyne membrane greatly
reduces the electrical resistance of PEM in the circuit. Considering the superior proton conductivity and selectivity, as well as
perfect mechanical and chemical stability, graphdiyne shows a
great potential as the next generation of PEM materials.
Discussion
In conclusion, we demonstrate that graphdiyne membranes with
a dense, uniform 2D nanomesh structure (nanopore density of
2.5 × 1018 m−2) show superior proton conductivity and selectivity. Protons diffuse through graphdiyne membrane in the Grotthuss mechanism via TM HBs. The barrier for PT across
membrane is comparable with that in bulk water at ambient
conditions; thus, thermal ﬂuctuation can effectively trigger the
TM PT phenomena. The calculated proton conductivity of
graphdiyne membrane is 0.6 S cm−1, four orders of magnitude
greater than graphene and one order of magnitude greater than
commercial Naﬁon. Meanwhile, the optimal pore size endows
graphdiyne membrane superior proton selectivity in aqueous
solutions. Thus, as an experimentally fabricated material, graphdiyne membranes show a great potential as superior PEM
materials in FCs, sensors, and other applications. The identiﬁcation of superior proton conductivity and selectivity of graphdiyne membrane could be an important step in PEM studies and
provide a avenue for the applications of nanomesh materials.
Methods
AIMD simulations. Due to the delicate interaction of water, none of the existing
functionals is able to universally and faultlessly describe water41,42 and its selfions43–45 in various realistic conditions. In particular, the water–carbon interaction
is demonstrated to be extremely difﬁcult to simulate, even high-cost diffusion
Monte Carlo, coupled cluster theory, and random phase approximation give rise to
various adsorption energies of a single water molecule absorbed on graphene
(Supplementary Tables 1 and2 and Supplementary Note 5)46–49. Although dispersion correction remedies the bad performance of DFT in describing
water–carbon adsorption interactions46,47, relatively large variations are still found
in interaction energies between a single water molecule and graphene predicted by
different DFT models49,50. Despite these discrepancies, dispersion-corrected generalized gradient approximation (GGA) still gives rise to reasonable interfacial
structures between liquid water and graphene51,52 or carbon nanotubes53, and
describes well the monolayer ice on graphite54.
Here, AIMD and PIMD simulations were performed using the i-PI program55
for the dynamics and the CP2K code56 for the calculation of ﬁrst-principles
energies and forces. We used the Becke–Lee–Yang–Parr (BLYP) exchangecorrelation functional57,58, a GGA functional, and the double-zeta valence
polarized basis set and Goedecker–Teter–Hutter pseudopotentials59,60. The D3
empirical van der Waals corrections61 were chosen to obtain a reasonable
description of interactions between water and the membranes (Supplementary Fig.
12, Supplementary Note 6). Calculations with hybrid functional B3LYP-D3 verify
that the choice of exchange-correlation functionals does not affect the qualitative
conclusions of this work (Supplementary Note 4). We note that BLYP-D3 exhibits
an overestimate of adsorption energy of a water molecule on graphene49 and on
graphdiyne here (Supplementary Fig. 12b); however, the characteristic interfacial
water structure is well described in BLYP-D3 (Supplementary Figs. 8, 9, and 10),
which is the cornerstone for proton transparency identiﬁed in the present work. All
MD simulations were performed at 300 K with NVT ensembles and a timestep of
0.5 fs. Stochastic velocity rescaling thermostat62 was used to control the
temperature in AIMD simulations, while the PIGLET method63 was used to
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include NQEs in PIMD simulations. Six replicas per nuclei were used to exhibit the
distribution of quantum nuclei in PIMD simulations.
Two sets of equilibrium AIMD simulations were performed with a hexagonal
box with a dimension of 9.5 × 9.5 × 40 Å to illuminate the diffusion behavior of
protons at the interface. Total 32 water molecules were equally located on both
sides of the graphdiyne membrane, with a H3O+ complex located in two positions
initially corresponding to the two sets of simulations. The thicknesses of the water
layers on the two sides are both about 8 Å. In the ﬁrst set of simulations, the H3O+
complex is embedded in the bulk water layer below graphdiyne membrane, while
in the second set of simulations, the H3O+ complex is located right beneath the
nanopore of graphdiyne membrane. After optimizations, 4 and 6 AIMD
simulations were performed for 15 and 10 ps to sample the diffusion process of
proton at the interface.
AIMD and PIMD simulations with an electric ﬁeld of 0.1 V Å−1 were
performed to simulate PT across graphdiyne membrane under non-equilibrium
conditions and to illuminate the NQEs of proton transfer in a conﬁned system.
Within the same box, two H3O+ complexes were arrayed in a larger water layer of
28 water molecules below graphdiyne membrane, shown in Supplementary Fig. 5.
After optimization, 10 AIMD and 10 PIMD simulations were performed to
simulate PT across graphdiyne membrane independently. We note that the beads
of nuclei were pre-equilibrated for 300 fs at 300 K before PIMD simulations.
Energy barrier calculations. CI-NEB64,65 calculations including nine replicas were
performed to calculate the energy barriers for proton transfer through 2D materials
with the CP2K code. Two water molecules were equally located on both sides of
membrane planes to include the aqueous effects in PT. The scanning-path methods
were used to calculate the energy barriers for soluble fuel molecules and ions
passing through graphdiyne membrane. Fuel molecules rigidly pass through the
center of nanopore along length direction of molecules. Six extra water molecules
were included to describe the hydration effects of ions. Membranes are ﬁxed for all
energy barrier calculations.

Data availability
The data that support the ﬁndings of this study are available from the corresponding
author upon reasonable request.

Received: 20 December 2018 Accepted: 9 August 2019

References
1.

2.
3.
4.
5.
6.
7.

8.
9.
10.
11.
12.
13.
14.
15.
16.

Sharaf, O. Z. & Orhan, M. F. An overview of fuel cell technology:
fundamentals and applications. Renew. Sustain. Energy Rev. 32, 810–853
(2014).
Steele, B. C. & Heinzel, A. Materials for fuel-cell technologies. Nature 414,
345–352 (2001).
Elimelech, M. & Phillip, W. A. The future of seawater desalination: energy,
technology, and the environment. Science 333, 712–717 (2011).
Koenig, S. P., Wang, L., Pellegrino, J. & Bunch, J. S. Selective molecular sieving
through porous graphene. Nat. Nanotechnol. 7, 728–732 (2012).
Celebi, K. et al. Ultimate permeation across atomically thin porous graphene.
Science 344, 289–292 (2014).
Surwade, S. P. et al. Water desalination using nanoporous single-layer
graphene. Nat. Nanotechnol. 10, 459–464 (2015).
Yuan, Z. et al. Mechanism and prediction of gas permeation through subnanometer graphene pores: comparison of theory and simulation. ACS Nano
11, 7974–7987 (2017).
Tian, Z., Mahurin, S. M., Dai, S. & Jiang, D. E. Ion-gated gas separation
through porous graphene. Nano Lett. 17, 1802–1807 (2017).
Zhu, C., Li, H., Zeng, X. C., Wang, E. & Meng, S. Quantized water transport:
ideal desalination through graphyne-4 membrane. Sci. Rep. 3, 3163 (2013).
Yuan, W., Chen, J. & Shi, G. Nanoporous graphene materials. Mater. Today
17, 77–85 (2014).
O’Hern, S. C. et al. Selective ionic transport through tunable subnanometer
pores in single-layer graphene membranes. Nano Lett. 14, 1234–1241 (2014).
Yoon, K. et al. Atomistic-scale simulations of defect formation in graphene
under noble gas ion irradiation. ACS Nano 10, 8376–8384 (2016).
Achtyl, J. L. et al. Aqueous proton transfer across single-layer graphene. Nat.
Commun. 6, 6539 (2015).
Hu, S. et al. Proton transport through one-atom-thick crystals. Nature 516,
227–230 (2014).
Lozada-Hidalgo, M. et al. Sieving hydrogen isotopes through two-dimensional
crystals. Science 351, 68–70 (2016).
Gao, W. et al. Ozonated graphene oxide ﬁlm as a proton-exchange membrane.
Angew. Chem. Int. Ed. 53, 3588–3593 (2014).

ARTICLE

17. Holmes, S. M. et al. 2D crystals signiﬁcantly enhance the performance of a
working fuel cell. Adv. Energy Mater. 7, 1601216 (2017).
18. Shi, L., Xu, A., Chen, G. & Zhao, T. Theoretical understanding of mechanisms
of proton exchange membranes made of 2D crystals with ultrahigh selectivity.
J. Phys. Chem. Lett. 8, 4354–4361 (2017).
19. Seel, M. & Pandey, R. Proton and hydrogen transport through twodimensional monolayers. 2D Mater. 3, 025004 (2016).
20. Tsetseris, L. & Pantelides, S. Graphene: an impermeable or selectively
permeable membrane for atomic species? Carbon 67, 58–63 (2014).
21. Zhang, Q., Ju, M., Chen, L. & Zeng, X. C. Differential permeability of proton
isotopes through graphene and graphene analogue monolayer. J. Phys. Chem.
Lett. 7, 3395–3400 (2016).
22. Miao, M., Nardelli, M. B., Wang, Q. & Liu, Y. First principles study of the
permeability of graphene to hydrogen atoms. Phys. Chem. Chem. Phys. 15,
16132–16137 (2013).
23. Walker, M. I., Braeuninger-Weimer, P., Weatherup, R. S., Hofmann, S. &
Keyser, U. F. Measuring the proton selectivity of graphene membranes. Appl.
Phys. Lett. 107, 213104 (2015).
24. Wang, Y. et al. Water transport with ultralow friction through partially
exfoliated g-C3N4 nanosheet membranes with self-supporting spacers. Angew.
Chem. Int. Ed. 56, 8974–8980 (2017).
25. Li, Y., Xu, L., Liu, H. & Li, Y. Graphdiyne and graphyne: from theoretical
predictions to practical construction. Chem. Soc. Rev. 43, 2572–2586 (2014).
26. Li, G. et al. Architecture of graphdiyne nanoscale ﬁlms. Chem. Commun. 46,
3256–3258 (2010).
27. Qian, X. et al. Construction of graphdiyne nanowires with high-conductivity
and mobility. Dalton Trans. 41, 730–733 (2012).
28. Matsuoka, R. et al. Crystalline graphdiyne nanosheets produced at a gas/liquid
or liquid/liquid interface. J. Am. Chem. Soc. 139, 3145–3152 (2017).
29. Gao, X. et al. Direct synthesis of graphdiyne nanowalls on arbitrary substrates
and its application for photoelectrochemical water splitting cell. Adv. Mater.
29, 1605308 (2017).
30. Zhang, S., Liu, H., Huang, C., Cui, G. & Li, Y. Bulk graphdiyne powder
applied for highly efﬁcient lithium storage. Chem. Commun. 51, 1834–1837
(2015).
31. Zhang, S. et al. Nitrogen-doped graphdiyne applied for lithium-ion storage.
ACS Appl. Mater. Interfaces 8, 8467–8473 (2016).
32. Wang, S. et al. A novel and highly efﬁcient photocatalyst based on
P25–graphdiyne nanocomposite. Small 8, 265–271 (2012).
33. Lu, C. et al. High-performance graphdiyne-based electrochemical actuators.
Nat. Commun. 9, 752 (2018).
34. Cranford, S. W. & Buehler, M. J. Selective hydrogen puriﬁcation through
graphdiyne under ambient temperature and pressure. Nanoscale 4, 4587–4593
(2012).
35. Jiao, Y. et al. Graphdiyne: a versatile nanomaterial for electronics and
hydrogen puriﬁcation. Chem. Commun. 47, 11843–11845 (2011).
36. Xu, J. et al. Water transport through subnanopores in the ultimate size limit:
mechanism from molecular dynamics. Nano Res. 12, 587–592 (2019).
37. Wang, C. et al. Stable liquid water droplet on a water monolayer formed at
room temperature on ionic model substrates. Phys. Rev. Lett. 103, 137801
(2009).
38. Ochi, S., Kamishima, O., Mizusaki, J. & Kawamura, J. Investigation of proton
diffusion in Naﬁon®117 membrane by electrical conductivity and NMR. Solid
State Ion. 180, 580–584 (2009).
39. Feng, Y. et al. Hydrogenation facilitates proton transfer through twodimensional honeycomb crystals. J. Phys. Chem. Lett. 8, 6009–6014
(2017).
40. Tunuguntla, R. H., Allen, F. I., Kim, K., Belliveau, A. & Noy, A. Ultrafast
proton transport in sub-1-nm diameter carbon nanotube porins. Nat.
Nanotechnol. 11, 639–644 (2016).
41. Cisneros, G. A. et al. Modeling molecular interactions in water: from pairwise
to many-body potential energy functions. Chem. Rev. 116, 7501–7528 (2016).
42. Riera, M., Lambros, E., Nguyen, T. T., Götz, A. W. & Paesani, F. Low-order
many-body interactions determine the local structure of liquid water. Preprint
at https://doi.org/10.26434/chemrxiv.8026553.v1 (2019).
43. Egan, C. K. & Paesani, F. Assessing many-body effects of water self-ions. I: OH
−(H O) clusters. J. Chem. Theory Comput. 14, 1982–1997 (2018).
2
n
44. Egan, C. K. & Paesani, F. Assessing many-body effects of water self-ions. II:
+
H3O (H2O)n Clusters. Preprint at https://doi.org/10.26434/
chemrxiv.8068793.v1 (2019).
45. Mangiatordi, G. F., Brémond, E. & Adamo, C. DFT and proton transfer
reactions: a benchmark study on structure and kinetics. J. Chem. Theory
Comput. 8, 3082–3088 (2012).
46. Ma, J. et al. Adsorption and diffusion of water on graphene from ﬁrst
principles. Phys. Rev. B 84, 033402 (2011).
47. Brandenburg, J. G. et al. Physisorption of water on graphene: subchemical
accuracy from many-body electronic structure methods. J. Phys. Chem. Lett.
10, 358–368 (2019).

NATURE COMMUNICATIONS | (2019)10:3971 | https://doi.org/10.1038/s41467-019-11899-y | www.nature.com/naturecommunications

7

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11899-y

48. Voloshina, E., Usvyat, D., Schütz, M., Dedkov, Y. & Paulus, B. On the
physisorption of water on graphene: a CCSD(T) study. Phys. Chem. Chem.
Phys. 13, 12041–12047 (2011).
49. Ajala, A. O., Voora, V., Mardirossian, N., Furche, F. & Paesani, F.
Assessment of density functional theory in predicting interaction energies
between water and polycyclic aromatic hydrocarbons: from water on
benzene to water on graphene. J. Chem. Theory Comput. 15, 2359–2374
(2019).
50. Hamada, I. Adsorption of water on graphene: a van der Waals density
functional study. Phys. Rev. B 86, 195436 (2012).
51. Ruiz-Barragan, S., Muñoz-Santiburcio, D. & Marx, D. Nanoconﬁned water
within graphene slit pores adopts distinct conﬁnement-dependent regimes. J.
Phys. Chem. Lett. 10, 329–334 (2019).
52. Li, H. & Zeng, X. C. Wetting and interfacial properties of water nanodroplets
in contact with graphene and monolayer boron-nitride sheets. ACS Nano 6,
2401 (2012).
53. Li, H., Francisco, J. S. & Zeng, X. C. Unraveling the mechanism of selective ion
transport in hydrophobic subnanometer channels. Proc. Natl. Acad. Sci. USA
112, 10851–10856 (2015).
54. Zhang, X. et al. Hexagonal monolayer ice without shared edges. Phys. Rev.
Lett. 121, 256001 (2018).
55. Ceriotti, M., More, J. & Manolopoulos, D. E. i-PI: a Python interface for ab
initio path integral molecular dynamics simulations. Comput. Phys. Commun.
185, 1019–1026 (2014).
56. VandeVondele, J. et al. Quickstep: fast and accurate density functional
calculations using a mixed Gaussian and plane waves approach. Comput. Phys.
Commun. 167, 103–128 (2005).
57. Becke, A. D. Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys. Rev. A 38, 3098 (1988).
58. Lee, C., Yang, W. & Parr, R. G. Development of the Colle–Salvetti correlationenergy formula into a functional of the electron density. Phys. Rev. B 37, 785
(1988).
59. Hartwigsen, C., Gœdecker, S. & Hutter, J. Relativistic separable dual
−space Gaussian pseudopotentials from H to Rn. Phys. Rev. B 58, 3641
(1998).
60. Goedecker, S., Teter, M. & Hutter, J. Separable dual-space Gaussian
pseudopotentials. Phys. Rev. B 54, 1703 (1996).
61. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFT-D) for
the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).
62. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity
rescaling. J. Chem. Phys. 126, 014101 (2007).
63. Ceriotti, M. & Manolopoulos, D. E. Efﬁcient ﬁrst-principles calculation of the
quantum kinetic energy and momentum distribution of nuclei. Phys. Rev. Lett.
109, 100604 (2012).
64. Mills, G., Jónsson, H. & Schenter, G. K. Reversible work transition state
theory: application to dissociative adsorption of hydrogen. Surf. Sci. 324,
305–337 (1995).

8

65. Henkelman, G., Uberuaga, B. P. & Jónsson, H. A climbing image nudged
elastic band method for ﬁnding saddle points and minimum energy paths.
J. Chem. Phys. 113, 9901–9904 (2000).

Acknowledgements
We acknowledge ﬁnancial support from Ministry of Science and Technology (Nos.
2016YFA0300902 and 2015CB921001), the National Natural Science Foundation of
China (Nos. 11774396, 91850120 and 11934004), and Chinese Academy of Sciences
(No. XDB070301).

Author contributions
S.M. and E.G.W. conceived and directed the project. J.X. performed the AIMD and
PIMD simulations and DFT calculations. J.X. and H.J. analyzed the data. Y.S., X.-Z.L.,
and E.G.W. participated in discussion. J.X., H.J., X.-Z.L., and S.M. wrote the paper with
help from all co-authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467019-11899-y.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Peer review information: Nature Communications thank Michele Pavone and other
anonymous reviewers for their contributions to the peer review of this work. Peer review
reports are available.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in
a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:3971 | https://doi.org/10.1038/s41467-019-11899-y | www.nature.com/naturecommunications

