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Abstract: Edge is important as it dictates the stability and properties of nanoribbons. Here, we
reveal a universal reconstruction of ZZ edge into (2x1) tubed [ZZ(Tube)] edge, enabling ultimate
narrow nanotube to terminate nanoribbons, for a-puckered group-V elemental and compound
monolayers (GeS/Se and SnS/Se). The reconstructed edge formations are confirmed by
CALYPSO. The ZZ(Tube) edge is easy to form, highly stable, and semiconducting. Remarkably,
ZZ(Tube) edge always exhibits a type-11 band structure, and a robust VBM and CBM charge
spatial separation. For a compound monolayer monochalcogenide, mild (2x1) ZZ(S-R) occurs at
the chalcogenide-terminated edge. TDDFT simulations indicate that the charge separation occurs
only in 672 fs, while the life time is over 5 ns, thus facilitating robust spatial charge accumulation.
These remarkable features of ZZ(Tube) edge-terminated a-puckered nanoribbons are ideal for

optoelectronic and photocatalytic applications.
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Introduction

Different from flat graphene, buckling silicene and sandwiched structural MoS2, two
dimensional (2D) a-phase monolayers, such as, black phosphorene, arsenene and
monochalcogenide (GeS/Se and SnS/Se) have a unique puckered structure.r® Since they have a
high anisotropy in both electronic and optical properties,*® these materials are promising for
applications in thermoelectricity,° piezoelectricity,!**® ferroelectricity!**® etc. Besides, these
materials usually possess a considerably high carrier mobility (10° cm?Vv-1s1)172! and a suitable
band gap (1.44~2.32 eV for monolayer)®?2, which are tunable by changing thickness, or applying
electric field and strain®23-26, Therefore, they are often considered as excellent candidates for

applications in ultra-fast micro-electronics, photo-electronics and photo-catalyst.1%27-33

Edge, which breaks the continuity of 2D materials, is inevitable in real devices. Due to the
presence of dangling bonds, local states or edge stress, edge often influences the stability of 2D
materials, especially at the nanoscale.>*** Among all the different edges, zigzag (ZZ) edge in
honeycomb-like lattice is most likely to reconstruct because dangling bonds at ZZ edge are hard
to be self-passivated.>**° For example, ZZ edge of graphene reconstructs into ZZ(57) edge,
reducing the edge energy and releasing edge stress.**41-4 For ZZ edge of sandwiched TMDs, Cui
et al. predicted unique (2x1) reconstruction for M edge and (2x1) and (3%1) for X edge (M = Mo,

W; X =S, Se), respectively.>4



Beyond reducing the edge energy, edge reconstruction can also dramatically alter the electronic
properties of nanoribbons. For instance, ZZ(57) edge removes dangling bonds, which changes
the half-metal properties of ZZ edge graphene.®®*® Recently, a nanotube edge reconstruction of
black phosphorene was proposed by several groups.490 Such tube reconstruction enables a small
nanotube to terminate a phosphorene nanoribbon (PNR), reducing 35% edge energy. Moreover,
the unique edge reconstruction transforms the electronic properties of phosphorene with zigzag
edge from metallic to semiconducting with a gap of 1.23 eV.% In addition, the edge reconstruction

also alters the vibrational modes of PNR, and changes its thermal conductivity.>

Arsenene and monochalcogenide (GeS/Se and SnS/Se) resemble o-phase of black
phosphorene.??%2 It is expected that their ZZ edges may also undergo a similar edge reconstruction.
However, monochalcogenides (GeS/Se and SnS/Se) are a binary compound. It is also expected
that their edge reconstruction may be different from phosphorene. To our best knowledge, all
existing studies only focus on the pristine edges of monolayer monochalcogenide nanoribbons.>
Therefore, the edge reconstruction in monochalcogenides and its influences on the edge stability

and physical properties are still interesting and important topics.

In this letter, we first show that the tube edge is a universal reconstruction for ZZ edge in a-
phase puckered monolayers, such as group-V arsenene and group-IV monochalcogenide (GeS/Se
and SnS/Se), by using first-principles and CALYPSO calculations. For elemental arsenene
nanoribbon (ANR), tube edge reconstruction occurs at both sides. In contrast, two types of

reconstruction for the ZZ metal and chalcogens edges exist for monochalcogenide. Take GeS as

3



an example, ZZ(Ge-Tube) is the global ground state along ZZ metal edge, while a mild edge (2x1)
ZZ(S-R) is the most stable S edge. The reconstruction barriers for ZZ(Ge-Tube) and ZZ(S-R)
edges are as low as 0.41 eV and 0.016 eV, separately. We further verify their dynamic stability by
the AIMD simulations. Beyond, the reconstructed edge is against hydrogenation even under
elevated temperature and high hydrogen partial pressures. In addition, we would like to emphasize
that the ZZ(Tube) edge always induces a type-II semiconducting band alignment, and a robust
charge spatial separation. Remarkably, our time-dependent density functional theory (TDDFT)
simulations predict a charge separation time of 672 fs, which is much shorter than the life time (5
ns), indicating that the separated charges can be effectively accumulated, which is crucial for the

applications in optoelectronics and photocatalysis.

1. Edge reconstruction structure

We first compare the edge energy of pristine ZZ(Pri) and ZZ(Tube) edges of puckered group-
V ANR (~35 A) (Figure Sla). The edge energy of ZZ(Pri) is 1.9 eV/nm, in good agreement with
previous results.?® In contrast, the edge energy of reconstructed ZZ(Tube) edge is only 1.0 eV/nm,
a 47% lower than the pristine counterpart. The ZZ(Tube) edge is even more stable than the
previously predicted ZZRC-o0 edge (1.5 eV/nm).2°> The structure and energy gain of the tube
reconstruction of ZZ arsenene are very similar to that of ZZ phosphorene. Therefore, we conclude

tube reconstruction is a common phenomenon for elemental puckered monolayers.



Next, we explore the ZZ edge of puckered a-phase monochalcogenide monolayer. Take GeS
as an example, GeS possesses two types of zigzag edge, that is, metal Ge edge and nonmetal S
edge. The edge reconstruction of compound GeS is expected to be more complex. Therefore, we
resort to CALYPSO,>° a well-known efficient structure searching package, to predict Ge and S
edge reconstructions. The schematics of input models are shown in Figure 1a, b. The atoms near
edge are fully rearranged by CALYPSO and then relaxed by ab initio calculations, while the inner
part far away from the edge is fixed to mimic the intrinsic monolayer structure. We take the tubed

structure ZZ(Ge-Tube) as one of the initial seeds.

The search results are plotted in Figure 1e, f after hundreds of individuals being auto built and
simulated. We finally obtained two global lowest-energy structures, (2x1) ZZ(Ge-Tube) (Figure
1c) for Ge side and ZZ(S-R) (Figure 1d) for S side of ZZ GeS nanoribbon (GeSNR). The bond
length and bond angle details of ZZ(Ge-Tube) edge and ZZ(S-R) edge are shown in Figure S2a,b.
Compared with pristine ZZ GeSNR, the reconstructed GeSNR with ZZ(Ge-Tube) and ZZ(S-R)
edges reduces the energy by 1.14 eV (Figure 1g). The energy reduction is mainly contributed by
ZZ(Ge-Tube) edge, which reduces the energy by 1.04 eV/unit (Figure 1e). The edge reconstruction
is also found to reduce the edge stress as the edge reconstruction results in an increase in the

equilibrium lattice constant of the GeSNR (Figure S2c).
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Figure 1. The schematic of CALYPSO input models of (a) Ge edge and (b) S edge of GeSNR,
respectively. Atomic structures of lowest-energy (c) ZZ(Ge-Tube) and (d) ZZ(S-R) edge. (e) and
(F) are the energy changes (AE) of predicted Ge edge and S edge referring to pristine zigzag Ge
edge and S edge, respectively. (g) The energies of reconstructed ANR, GeSNR, GeSeNR, SnSNR

and SnSeNR compared with the pristine one (dash line set as zero correspondingly).

Subsequently, based on the predicted most stable ZZ(S-R) edge and ZZ(Ge-Tube) edge, we
built similar models for puckered GeSeNR, SnSNR and SnSeNR (~33 A). In Figure 1g, we list the
energies of reconstructed ANR, GeSNR, GeSeNR, SnSNR and SnSeNR with reference to their
pristine one. Clearly, all edge reconstructions reduce the edge energy significantly. For compound

monolayer monochalcogenide, we find that ZZ(Ge-Tube) edge is more stable than ZZ(Sn-Tube)
6



edge. Therefore, ZZ(Tube) is expected to be the universal ZZ edge reconstruction for both

elemental and binary puckered a-phase monolayers.
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Figure 2. (a) The edge reconstruction process of GeSNR from ZZ(Ge-Pri) edge to ZZ(Ge-Tube)

edge and (b) related average transition time under different temperatures. The AIMD simulations

at 300 K for (c) pristine and (d) reconstructed GeSNR, respectively. The inset figure in (c, d) is the

structure of pristine and reconstructed GeSNR after 5 ps AIMD simulations, respectively.

2. Edge reconstruction process and energy barrier



Next we would like to reveal how these tube reconstructions form. We employed CI-NEB to
search for the key transition pathway and barriers of GeS edge reconstructions. As shown in Figure
2a, the obtained transition barrier from ZZ(Ge-Pri) to ZZ(Ge-Tube) edge is just 0.41 eV. We then

can assess the average edge transition rate R:

ks T
R~ (”7) xexp(-AE/kyT) (1)

where, ks is the Boltzmann constant. T and h are the temperature and the Plank constant,
respectively. AE is the energy barrier. The calculated average transition time as a function of
temperature is plotted in Figure 2b. The ZZ(Ge-Tube) edge transition rate R reaches 10° Hz at 300

K, and 10" Hz at 400 K.

Compared to the reconstruction of Ge edge, the transition of S edge from ZZ(S-Pri) to ZZ(S-
R) is even easier with a barrier as low as 0.016 eV (Figure S3a). The average transition time is
several picoseconds at room temperature (Figure S3b). The kinetic formations of ZZ(Ge-Tube)
and ZZ(S-R) are both very easy and fast, thereby, these edge reconstructions should also be very

easy and fast.

We further simulated the edge reconstruction of GeSeNR. The kinetic barrier for Ge and Se
edge reconstruction is 0.74 eV and 0.013 eV, respectively. The transition barrier of GeSeNR is
very close to that of GeSNR, implying that the kinetic behaviors of puckered a-phase compound

monochalcogenides are the same.



To confirm the thermal stability of reconstructed GeSNR, we performed AIMD on both
pristine (Figure 2c) and reconstructed GeSNR (Figure 2d) at 300 K within NVT ensemble. After
5 ps simulation, the Ge edge of pristine GeSNR deforms significantly with partial Ge-S bonds
being broken. Besides, the ZZ(S-R) edge is formed from ZZ(S-Pri) edge spontaneously, agreeing
with the analyses of Figure 2b. In contrast, the reconstructed GeSNR is still intact after 5 ps,

implying its high structural stability.
3. Thermodynamic phase diagram analysis

Hydrogenation is a very common method to protect 2D edge, such as hydrogenated graphene
ZZ edge, hydrogenated phosphorene edge.”*" Here, we compared the stability of hydrogenated
pristine edge and reconstructed edge. The hydrogenated edge formation energy E; can be
calculated by using: EH:i( Etotal-EGeSNR-%EHZ), where E,1, Egesng, and Ey, are the total
energies of the hydrogenated GeSNR, bare pristine GeSNR and H> molecule, respectively, and

Ny; is the number of hydrogen atoms adsorbed along the edge.

For a given chemical potential p., , the relative stability of the hydrogenated edge with respect
H,

to the bare edge or reconstructed edge can be compared by:"® GH=EH-%H My, » Where
py=Nu/(2L). At temperature T and under partial pressure P(H2), the chemical potential of Hz gas

P(H

is: p,, =H(T)-H(0)-TS(T)+hs T 1n[ =

2)], where H°(0) and S°(T) are obtained from the

NIST-JANAF thermochemical tables,*® and the reference pressure is P, = 1 bar.



Then we can calculate the phase diagram of these edges. Among all the explored edges, ZZ(Ge-
Tube) edge is highly stable against hydrogenation (Figure 3d). The formation energy Ey of
ZZ(Ge-Tube) is a large positive value. Therefore, ZZ(Ge-Tube) can retain without being
hydrogenated even under very high H: partial pressure (>108 bar) at room temperature. While the
hydrogenated pressure for other edges is several orders of magnitude lower than ZZ(Ge-Tube).
The critical hydrogenated pressure of ZZ(Ge-Pri) (Figure 3c) and ZZ(S-R) (Figure 3b) is close to
107 bar under room temperature, while ZZ(S-Pri) (Figure 3a) is highly likely to be hydrogenated

even under 107 bar hydrogen partial pressure at 300 K.
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Figure 3. (a) The phase diagram of (a) hydrogenated ZZ(S-Pri) edge versus bare ZZ(S-Pri) edge,
(b) hydrogenated ZZ(S-Pri) edge versus bare ZZ(S-R) edge, (c) hydrogenated ZZ(Ge-Pri) edge
versus bare ZZ(Ge-Pri) edge and (d) hydrogenated ZZ(Ge-Pri) edge versus bare ZZ(Ge-Tube)

edge at various temperatures and partial hydrogen pressures.
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So far, we have shown that the ZZ(Tube) reconstruction with low-energy, low transition barrier
and ultra-high stability, is the common edge of a-phase elemental and compound
monochalcogenide monolayers. Interestingly, we should point out that ZZ(Tube) is able to
introduce interesting electronic properties into corresponding nanoribbons, for example, all
ZZ(Tube) reconstructions open a band gap, and all ZZ(Tube) reconstructions result in a type-II
band alignment, making the VBM and CBM charge separated spatially, which are in sharp contrast

to metallic ZZ(Pri) edge.

It is noted that here, we focus on the edge reconstruction of freestanding a-puckered
monolayers. In real growth conditions, atmospheric species and substrate might influence the edge
configuration and reconstruction, which in turn affect the growth kinetics. Previous studies indeed
showed that edge reconstruction could affect the growth kinetics of 2D materials, such as
graphene,®%2 phosphorene® and MoS2.64% Clearly, the effects of atmospheric species and
substrate on the edge structure and related growth kinetics of a-puckered monolayers deserve
further studies. Besides, the atomic fraction during the growth of compound o-puckered
monolayers could affect their chemical potential difference, which in turn affects the edge structure
and reconstruction. Such phenomenon has been already observed, for example, in graphene,®* h-
BN® and M0S,.%” Clearly, the effect of the atomic fraction on the edge structure and reconstruction

of compound a-puckered monolayers also deserves further studies.

4. Robust type 11 band structures introducing charge separation spatially

11



The ZZ(Pri) edge always introduces an edge band crossing the Fermi level as shown in Figure
S4a-e.2>> However, as shown in Figure 4, the band gaps of ANR, GeSNR, GeSeNR, SnSNR and
SnSeNR with ZZ(Tube) are 0.82, 0.99, 0.94, 0.94 and 0.60 eV, respectively. It is noted that our
band structures are based on the standard PBE level, which may underestimate the bang gap.

However, it is sufficient to predict the correct band type and band gap trend.

Figure 4. The projected band structures of reconstructed edges of (a) ANR, (b) GeSNR, (c)
GeSeNR, (d) SnSNR and (e) SnSeNR, respectively. The projected bands originated from metal
edge atoms and nonmetal edge atoms, which are represented by green and orange color circles,
respectively. The band decomposed charge density of reconstructed (f) ANR, (g) GeSNR, (h)
GeSeNR, (i) SnSNR and (j) SnSeNR, respectively. The isosurface value is set to 2x107° e/Bohr®

and 1x10* e/Bohr® for CBM and VBM, respectively.

We then calculated their band decomposed charge density of valence band edge (blue zone in
band structures) and conduction band edge (pink zone in band structure). Overall, all the VBM

and CBM of reconstructed nanoribbons are separately localized. For ANR (Figure 4a, f), the VBM
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charge is mainly localized at the ZZ(Tube) edge, while its CBM is originated from inner intrinsic
arsenene atoms. For GeSNR, the atoms of ZZ(Ge-Tube) contribute to the valence band edge, while
atoms of ZZ(S-R) edge contribute to the CBM charge. For GeSeNR, CBM charge is from both
ZZ(Ge-Tube) and ZZ(Se-R), while VBM is from intrinsic inner GeSe monolayer. For SnSNR and
SnSeNR, the charge of ZZ(Sn-tube) is always at CBM, while the ZZ(S-R) and ZZ(Se-R) partially
contribute to the VBM charge. Although the band structure details for each monolayer are different,
the ZZ(Tube) reconstruction always results in a type-II band alignment, where VBM and CBM
remain separation spatially. These are beneficial for the separation of photo-generated electrons

and holes.5869

5. Charge separation and recombination kinetics by TDDFT
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Figure 5. (a) Schematic illustration of electron-hole separation and recombination between the
ZZ(Ge-Tube) and ZZ(S-R) edge of GeSNR. (b) Time-dependent energy change of electrons in
GeSNR during separation (solid line) and recombination (dash line) from Hefei-NAMD
simulations. (c) Snapshots of the orbital distribution of electron densities on GeSNR at 0 fs and
680 fs, corresponding to process (1) in (a). The isosurface value is set to 1x10* e/Bohr3. (d, e)
Averaged values of nonadiabatic coupling (NAC) between different states near the Fermi level at

300 K. The +1, +2, +3... or C+1, C+2, C+3 denote the CBM+1, CBM+2, CBM+3... of GeSNR.

Beyond, we investigated the photo-generated electron and hole carrier dynamic processes by
using the Hefei-NAMD code,® which is based on AIMD combining TDDFT and Fewest-Switches
Surface Hopping (FSSH) (details can be found in the SI).”%"? The Hefei-NAMD has been
extensively applied in photo-generated carrier simulations and verified by related experimental
results.”>"® A (6x1) supercell with three periodic reconstructed (2x1) edge units was built for the
NAMD. The band type is still type-II with VBM at ZZ(Ge-Tube) edge and CBM at the ZZ(S-R)

edge, which is the same as above Figure 4b, g.

The key dynamic processes include two parts (Figure 5a): (1) photo-generated electron
transfers from ZZ(Ge-Tube) to ZZ(S-R) edge; and (2) photo-generated electron-hole pair
recombination. For part (1), the electron will be first excited to CBM (the CBM+6 level of the
GeSNR is regarded as the donor level) from VBM at ZZ(Ge-Tube), and then transfer to CBM (the
CBM level of the GeSNR is regarded as the acceptor level in NAMD) of ZZ(S-R). We simulated

this process by initiating a photo-generated electron localized in the donor state using NAMD at
14



room temperature. Fitting of time-dependent energy (Figure S6a) by f(t)=A*exp(-t/t) (Figure
5b solid line) indicates that the excited electron indeed transfers from the CBM of ZZ(Ge-Tube)
to the CBM of ZZ(S-R) within a short period of 672 fs. Within 1 ps, the electron localization on
ZZ(S-R) edge increases from 6% to 43% at 300 K (Figure S6b, black line), and both the AD
(adiabatic) and NA (nonadiabatic) mechanisms co-promote the charge transfer (Figure S6b, blue

line and red line).

Next, we examined part (2), that is, the recombination process: an electron initially localizes
on the CBM of ZZ(S-R) edge, then relaxes to the VBM of ZZ(Ge-Tube) edge. The time-dependent
evolution of Kohn-Sham energy states of the reconstructed GeSNR (Figure S8) always exhibits an
energy bandgap of 0.38 eV. Therefore, the quantum decoherence must be included. We employed
the decoherence-induced surface hopping (DISH) method in this process.” The population
evolution of electron in ZZ(Ge-Tube) during recombination process increases from 0% to 1.5%
within 1 ns with DISH method as shown in Figure S7. Within this approximation, the
recombination time is as long as 5 ns by fitting with f(t)=A*exp(-t/t) (Figure 5b, dash line). The
recombination time is 4 orders larger than the charge separation time (672 fs). As illustrated in
Figure 5c, after 680 fs, the electrons at ZZ(Ge-Tube) quickly transfer to ZZ(S-R). Thus, we

conclude that reconstructed GeSNR exhibits ultrafast and robust electron-hole separation.

In the NAMD simulation, the electron transfer probability is determined by the nonadiabatic

coupling (NAC) elements, which can be described as:®
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where, ¢g; and ¢ are the eigenvalue and wave functions for the electronic states k and j. H is

the Kohn-Sham Hamiltonian. R is the velocity of nuclear motion.

Figure 5d visualizes the averaged NAC between different energy states of GeSNR. The NAC
between the neighboring states is obviously larger than the separated states. For example,
neighboring states NAC[CBM, CBM+1] (0.027 eV) is obviously larger than the separated states
NAC[CBM, CBM+2] (0.006 eV), NAC[CBM, CBM+3] (0.004 eV) and NAC[CBM, CBM+4]
(0.003 eV). Therefore, electrons are preferred to hop between the neighboring states rather than
between the separated states. Beyond, the averaged value of NAC between the VBM and CBM of
GeSNR (Figure 5e) is much smaller than that of the electron separation process (Figure 5d). For
instance, NAC[VBM, CBM] (1.8x10* eV) is much smaller than NAC[CBM+1, CBM+2] (0.045
eV), NAC[CBM+2, CBM+3] (0.051 eV). That means that the recombination process is suppressed,

which is helpful to achieving effective separation of photo-generated electron-hole pairs.

In addition, Figure S8 shows that the energy difference between donor and acceptor states of
the electron transfer process is smaller than that of the recombination process (with bandgap ~0.38
eV), which indicates that a small g,-¢; will increase the value of NAC and promote electron and
hole separation efficiently. Besides, the large energy fluctuations of about 0.5 eV between donor

and acceptor states of the electron transfer process at 300 K imply a strong electron-phonon

coupling. By performing Fourier transform (FT) of the time-dependent evolution of energy states,
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we obtained the dominant phonon modes coupling with electronic states. For electron separation
process, Figure S9a shows that the dominant phonon modes in donor states are 418 cm™, 318 cm’
1268 cm™ and 117 cm for ZZ(Ge-tube). The 350 cm™ phonon mode at ZZ(S-R) is the dominant
acceptor phonon in the separation process, as well as the dominant donor state in the recombination
process. In the recombination process, the dominant phonon mode of acceptor state of ZZ(Ge-

Tube) locates at 285 cm™ and soft modes are below 150 cm™ (Figure S9b)

It was reported that the high frequency phonon mode (418 cm™) in the separation process
promotes the fast electron transfer, which is crucial for the fast charge spatial separation.8!8?
Previous studies revealed that the highest phonon mode for intrinsic 2D GeS monolayer is far
below 400 cm™.2283 Therefore, the high frequency phonon mode of 418 cm™ must originate from

the tubed edge.

Conclusions

In summary, we reveal a universal reconstruction for ZZ edge in puckered a-phase puckered
monolayers, such as arsenene and group-IV monochalcogenides (GeS/Se and SnS/Se), in which
ZZ edge is able to transform into a tubed edge, enabling the ultimate narrow nanotube to terminate
the nanoribbons of 2D a-phase puckered monolayers. The lowest-energy structure is verified by
the global structure searching package, CALYPSO. Such a tube reconstruction can significantly
reduce the edge energy. Furthermore, the reconstruction energy barriers are low, indicating the

tube edge is easy to form. After the reconstruction, the structure shows a remarkable stability in
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AIMD simulations and phase diagram analyses. Most importantly, this edge reconstruction always
induces a robust charge spatial separation between VBM and CBM, which exhibits a type-II band
alignment. This remarkable charge spatial separation is confirmed by the TDDFT simulation using
the Hefei-NAMD. We further show that the excited electrons of ZZ(Ge-Tube) edge can be
separated into the ZZ(S-R) edge in only ~672 fs, while the recombination time is as long as ~5 ns
at 300 K. Therefore, the separated charge can accumulate efficiently. The fast charge transfer and
slow electron-hole recombination can be explained by the large difference in the averaged values
of NAC between the donor and acceptor states. Besides, the ultrafast electron transfer is due to the
high frequency phonon mode (418 cm™), which originates from the tubed edge, suggesting that
the unique tubed edge is the true structure for ZZ edge in all a-phase puckered monolayers. The
ultrafast charge spatial separation and very slow recombination of the tubed edges are crucial

features that are needed for optoelectronic and photocatalytic applications.

Supporting Information. The following files are available free of charge. It includes
computational methods, edge formation energy, edge reconstruction process and transition states,
band structures, model structure for NAMD simulations, density of state, time dependent energy
evolutions, spatial electron localization, population evolution, evolution of energy states, and

Fourier transform spectra (PDF)
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