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ABSTRACT: While theoretical simulations predict contra-
dictory results about how the intercalation of foreign metal
atoms affects the order of atomic layers in black phosphorus
(BP), no direct experimental visualization work has yet
clarified this ambiguity. By in situ electrochemical sodiation
of BP inside a high-resolution transmission electron micro-
scope and first-principles calculations, we found that sodium
intercalation induces a relative glide of '/, (010) {001},
resulting in reordering of atomic stacks from AB to AC in BP.
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The observed local amorphization in our experiments is triggered by lattice constraints. We predict that intercalation of sodium
or other metal atoms introduces n-type carriers in BP. This potentially opens a new field for two-dimensional electronics based

on BP.

B INTRODUCTION

Similar to graphite and MoS,, black phosphorus (BP) is a
layered material in which the individual layers are stacked in AB
order by van der Waals interactions (Figure 1). Recently,
multilayer phosphorene was fabricated by a mechanical
exfoliation method and used in field-effect transistors
(FETs)."! The phosphorene-based FETs show extremely high
charge-carrier mobilities of up to ~1000 cm® V™' s™". BP has
raised a lot of attention due to its electronic properties.” One
method to tune the properties of BP is to change the number of
layers, which allows the band gap to be tuned from 0.3 to 2.0
eV.” Strain®* and electric field™ can also be used to modulate
the electronic nature of BP. These property changes include
semiconductor to Dirac semimetal, direct band gap to indirect
band gap, and normal insulator to topological insulator
transitions.

It has also been reported that the stacking order plays a
significant role in the electronic properties of layered
compounds, such as graphite” and MoS,.*” In lithium—graphite
intercalation compounds, the graphene layers are in AA
stacking order,'”"" which implies that intercalation of foreign
atoms is an effective way to change the stacking order. For
bilayer phosphorene, the stacking order has been predicted to
play a significant role in the power conversion efficiency of film
solar cells,'” in which AA, AB, and AC stacking orders have
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been discussed. Phosphorene has been predicted to have high
diffusion anisotropy for lithium or sodium diffusion,"*"* and
this was recently verified experimentally.'> Theoretically, it has
been predicted by first-principles calculations that the stacking
order of bulk BP will change from AB to AA upon lithium or
sodium intercalation,16
lithium-intercalated BP will be superconducting and that the
stacking order will change from AB to AC."7 Such a
contradiction should be clarified, and experimental and
theoretical investigations are needed to gain a comprehensive
view of the atomic structure evolution during intercalation of
foreign atoms in BP.

In this work, we focus on the initial process of structure
evolution for sodiation in bulk BP. We conducted a detailed
investigation using high-resolution transmission electron
microscopy (HRTEM) and observed the transition from AB
to AC stacking order after sodium intercalation in bulk BP. By
using first-principles calculations, we confirmed that the
stacking order in bulk BP changes from AB to AC rather
than to AA. We also noticed amorphization of BP besides the
stacking ordering change after sodium intercalation in experi-

while another work predicted that
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ments. On the basis of simulations, we attribute such
amorphization to the constraint of the lattice of bulk BP.
Moreover, intercalation of sodium or other metal atoms in BP
will induce electron doping, which has potential electronic
applications.

B RESULTS AND DISCUSSION

Figure la—d shows bulk BP in four different stacking orders:
AA, AB, AC, and AD. The top views of the AA/AB and AC/AD
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Figure 1. Top and side views of bulk BP for (a) AA, (b) AB, (c) AC,
and (d) AD stacking order. Both blue and yellow balls represent
phosphorus atoms. Two different colors are used to distinguish
different layers for the eyes.

stacking orders are identical, while the side views of AA/AC
and AB/AD stacking orders appear to be the same. If the upper
layer of AB stacking in BP shifts along the [100]/[010]
direction by 50%, the structure is transformed to AA/AC

stacking. If the upper layer of AB stacking shifts along both
[100] and [010] by S0%, the AD stacking order is formed.
From the side views, one can find that BPs with AC and AD
stacking orders have more space than BPs with AA or AB
stacking order, which suggests that AC or AD layering is
preferable when ions intercalate between the layers.

Figure 2a—c shows atomic high-angle annular dark-field
(HAADF) images of pristine BP in different zone axes. The d
spacings of two vertical lattice planes in Figure 2a were
measured to be 5.27 and 4.36 A, matching well with that of
(002) and (010), respectively, of the orthorhombic BP
structure (JCPDS no. 09-0020, space group Bmab (No. 64)).
The other two atomic HAADF images (Figure 2b,c) were
determined to be taken at the [010] and [001] zone axes. The
corresponding atomic models, displayed in Figure 2d—f, clearly
exhibit the atomic structure of the pristine BP sample. The
consistent atomic HAADF observation firmly proves that the
pristine BP sample used in this work has the AB stacking
sequence.

Here we used in situ TEM to study the structure evolution of
bulk BP during the sodiation process. Figure 3a shows a typical
TEM image of partially sodiated BP. It can be observed that
many dark contrast stripes with a specific orientation formed in
the initial stage of the sodiation process in BP. The sodium
element was detected inside the dark stripes by electron energy
loss spectroscopy (EELS), as shown in Figure 3b. We can
clearly see the peak centered at 31 eV that belongs to the
sodium L edge. A selected-area electron diffraction (SAED)
pattern was taken from the domain marked S, in Figure 3a
together with some sodiation stripes (Figure 3c). According to
the analysis of the SAED pattern, the BP was determined to be
along the [001] projection and the orientation of the sodiation
stripes is along the (020) planes. We can conclude that the
sodium initially prefers to diffuse along the [100] direction of
BP, which has been thoroughly discussed in our previous
work.'® We also found that the intensity of the {110} spots is
much lower than that of the {020} spots in this SAED pattern.
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Figure 2. Atomic-scale STEM-HAADF images of bulk BP at different zone axes. (a—c) Atomic HAADF images of pristine bulk BP taken at the
[100], [010], and [001] zone axes, respectively. (d—f) Atomic models of well-known bulk BP projected along the 4, b, and ¢ directions, respectively.
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Figure 3. Structural evolution of partially sodiated BP. (a) Typical TEM image of the partially sodiated BP showing sodiation stripes. (b) EELS
spectrum of the partially sodiated BP. The Na L, ; edge (31 eV) is captured in the area with high number of stripes. (c) SAED pattern taken from the
area marked as S, in (a) at the [001] zone axis of the BP. (d) HRTEM image taken from area S, at the [001] zone axis of the BP. (&) SAED pattern
taken from the area marked as S, in (a) at the [001] zone axis of the BP. (f) HRTEM image taken from area S, at the [001] zone axis of the BP.
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Figure 4. Atomic observation of partially sodiated BP with the [02T] zone axis. (a) HRTEM image of partially sodiated BP at the [021] zone axis.
Two domains with different atomic patterns are separated by a stripe. (b) HRTEM image taken from domain B marked in (a). The inset image is the
corresponding FFT. (c) Atomic model of AB-stacked BP viewed at the [021] direction. The inset image is the corresponding simulated HRTEM
image. (d) HRTEM image taken from domain D marked in (a). The inset image is the corresponding FFT. (e) Atomic model of AC-stacked BP
viewed at the [021] direction. The inset image is the corresponding simulated HRTEM image.

Figure 3d shows an HRTEM image taken from domain S, at
the [001] zone axis. An orthogonal atomic pattern similar to
that in Figure 2c is clearly presented by this HRTEM image.
The d spacings of different lattice planes were measured to be
0.217 and 0.165 nm, matching well with those of the (020) and
(200) planes in AB-stacked BP. Figure 3e shows another SAED
pattern taken from the domain marked S, containing many
stripes. The intensity of the {110} spots is relatively higher than
that of the {020} spots in the SAED pattern in Figure 3e. In
addition, the diffraction spots in Figure 3e are stretched along
the [010] direction. This indicates that the lattice in domain S,
was distorted as a result of the penetration of the sodiation
stripes. Figure 3f shows an HRTEM image taken from domain
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S, at the same zone axis. Interestingly, we found that the
HRTEM in Figure 3f exhibited a hexagonal-like atomic
arrangement, which differs greatly from that in Figure 3d.
The (020) and (200) lattice planes in Figure 3f show d spacings
of 0.219 and 0.166 nm, respectively, which are similar to those
in Figure 3d, while a well-defined (110) lattice plane with a d
spacing of 0.262 nm stands out in Figure 3f. The atomic
arrangement in the lattice of Figure 3f is very close to that of
AA- or AC-stacked BP viewed in the ¢ direction (Figure la,c).
In addition, stripes parallel to the (020) planes at the [100]
directions are clearly shown in Figure 3f. The lattice in the
stripes shows an amorphous feature, which corresponds well to
the stretched spots in the SAED pattern in Figure 3e. Through
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the above analysis, we note that a lattice reordering was driven
by the sodiation of BP and that the newly formed BP has the
AA or AC stacking sequence. However, it is difficult to
differentiate the exact stacking order using only the HRTEM
image taken along the [001] direction because the AA and AC
stacking orders in BP have the same atomic patterns when
viewed along the ¢ direction.

To identify the newly observed layering order, we examined
the partially sodiated BP from other zone axes. Figure 4a shows
an HRTEM image of the partially sodiated BP indicating two
domains with different phases. The measured d spacings of the
crossed lattice planes in the HRTEM image are 0.166 and 0.328
nm, which are highly consistent with those of the (200) and
(012) lattice planes of BP, respectively. Correspondingly, the
HRTEM image shown in Figure 4a is also determined to be
taken at the [021] zone axis. An enlarged HRTEM image from
domain B marked in Figure 4a is shown in Figure 4b, where we
clearly see an orthogonal atomic pattern. The corresponding
fast Fourier transform (FFT) pattern is also displayed in the
inset of Figure 4b, and the spots for the (200) and (012) planes
are indicated. The atomic arrangement in domain D perfectly
matches the well-known atomic model of AB-stacked BP
projected in the [021] direction, as shown in Figure 4c. The
simulated HRTEM image based on this atomic model was also
constructed and is shown in the inset of Figure 4c. The above
analysis indicates that the lattice in domain D belongs to AB-
stacked BP at the [021] zone axis. Figure 4d shows an enlarged
HRTEM image from domain D, where we observe a different
atomic arrangement from that in Figure 4b. Obviously, a well-
defined (112) lattice plane with a d spacing of 0.235 nm has
appeared in Figure 4d. The corresponding FFT in the inset of
Figure 4d also clearly exhibits the {112} spots. The atomic
model of AC-stacked BP with the [021] projection is shown in
Figure 4e. We can see that the atomic arrangement pattern of
Figure 4d is very close to this model. The corresponding
simulated HRTEM at the inset of Figure 4e also indicates that
the lattice in the domain D belongs to AC-stacked BP rather
than AA-stacked BP (see the supporting model of AA-stacked
BP with the same zone axis in Figure S1).

To better explain the experimental observations, we
conducted density functional theory (DFT) simulations to
capture the effect of sodium intercalation on the structure of
bulk BP while considering the van der Waals corrections. It has
been demonstrated that van der Waals interactions play an
important role in the structure and elastic properties of
BP."*7? Therefore, it is very important to check the structure
of the ground state of BP by using different van der Waals
corrections. In this work, the effects of dispersion forces were
addressed by means of the vdW-DF1,*>! vdW-DF2,** and
semiempirical DET-D functionals.”>** Table 1 lists the lattice
constants of BP from experiment” and from simulations using

Table 1. Lattice Constants of Bulk BP from the Experiment
in Ref 25 and Our Simulations Using Different van der
Waals Correction Approximations

a (A) b (A) c(d)
experiment 3.32 4.39 10.52
PBE 331 4.61 13.21
vdw-DF 3.35 4.71 11.92
vdw-DF2 3.39 4.76 11.74
DFT-D 332 4.46 10.92
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different van der Waals corrections. For the in-plane lattice
constants (a and b), there is only a slight difference in using
functionals with various van der Waals corrections, such as
DFT-D, vdW-DF1, and vdW-DF2. Also, the in-plane lattice
constants are in good agreement with the previous reports.lg’20
One can find that van der Waals interactions have a significant
effect on the lattice constant ¢, and the DFT-D method is the
best correction method to reproduce the experimental lattice
constant c. Therefore, the DFT-D method was chosen as the
approximation to describe van der Waals interactions between
layers in BP in the present work. The binding energy for
layered compounds can be used to evaluate the layer—layer
interactions. Here we define the binding energy for bulk BP as
(2 x E nonolayer — Epui)/(2 X area). The binding energies for
graphite, BP, and MoS, are 13.37, 14.81, and 15.89 meV/A?,
respectively. The experimental results show that Li ions can
intercalate into graphite and MoS,.'**® Thus, one can expect
that alkali ions such as Li and Na could also intercalate into
bulk BP.

The unit cell model of bulk BP contains bilayer phosphorene
with the AB stacking order. Movies S1 and S2 show the energy,
volume, and structure evolution for bulk BP with one- and two-
layer sodium intercalation in the structure relaxation process,
respectively. Figure Sab shows the total energy and volume
evolution, respectively, of bulk BP with two-layer sodium
intercalation in the structural relaxation process. During the
atomic relaxation process, the energy of the system decreases
and the volume of the system fluctuates and then stabilizes.
After relaxation, the BP with sodium intercalation is trans-
formed into another orthorhombic structure with space group
Imm2 (No. 44). The side views of the initial and relaxed
structures are shown in Figure Sc,d, respectively. Sodium
intercalation causes changes in the BP lattice constants. For
sodium-intercalated BP with a concentration of about 25%, the
lattice constants for the structure are a = 3.28 A, b = 4.58 A, and
¢ = 13.18 A. By comparing with pristine BP, we conclude that
after sodiation the lattice parameter a shrinks while b and ¢
expand. More importantly, we notice that BP expands about
20.70% along the ¢ direction. Here we confirmed the presence
of the AC stacking in BP after sodium intercalation by
simulation.

In the above discussion, we have experimentally and
theoretically demonstrated the transition from AB to AC in
the initial sodiation process. By transitioning from AB to AC
stacking order, the intercalated region can reduce its energy
(total energy). On the other hand, the pristine regions prefer to
keep the AB stacking order. If the energy that can be released
from the reordering in the intercalated region is less than the
increased energy in the pristine regions, the energy of whole
system will increase, and the stacking reordering can not
happen. With increasing concentration of sodium in the
intercalated region, if the intercalated region is confined by
the pristine AB stacking lattice, its lattice structure will be
destroyed and change into an amorphous structure. This is the
origin of the lattice constraint. In the initial sodiation stage,
most regions without sodium intercalation still keep AB
stacking order, which hinders the AB-to-AC reordering of the
local region with sodium intercalation. We have noted that
there are atomic disordered regions formed in bulk BP after
sodiation. We believe that the disordering of stripes is
attributed to the constraint of the BP lattice. Figure 6a—d
shows one, two, four, and six sodium atoms intercalated in
trilayer BP after relaxation, respectively. In the relaxation
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Figure S. Relaxation of bulk black phosphorus with sodium intercalation. (a) Energy and (b) volume changes of bulk black phosphorus as functions
of the number of relaxation steps. (c, d) Atomic models of (c) initial and (d) relaxed black phosphorus structures with sodium intercalation,
respectively. Yellow balls represent phosphorus atoms, and blue balls represent sodium atoms.
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Figure 6. Structural evolution of trilayer phosphorene with different
sodium concentrations. (a—d) Trilayer phosphorene with (a) one, (b)
two, (c) four, and (d) six sodium atoms intercalated in the middle
layer with the phosphorus atoms in the bottom and top planes fixed.
(e—h) Trilayer phosphorene with (e) one, (f) two, (g) four, and (h)
six sodium atoms intercalated in the middle layer without the
phosphorus atoms fixed. Yellow balls represent phosphorus atoms, and
blue balls represent sodium atoms.

process, we maintained the layer—layer distance and fixed the
top and bottom layers of phosphorus. It is very clear that the
structure of the multilayer BP has been distorted with the
addition of sodium atoms and that the distortion is correlated
to the intercalated ion concentration. The more sodium atoms
are intercalated, the more distortion in the middle layer is
observed (Figure 6a—d). This can explain the formation of the
disordered stripes observed in our experiments. Upon a further
increase in the intercalated sodium concentration, the P—P
bonds in the same layer weaken and finally break. It should be
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noted that after amorphization the layered structure is
unrecoverable.

The amorphization of the lattice releases the constraint.
Therefore, we also calculated the structure of the sodium-
intercalated trilayer BP. Figure 6e—h shows atomic structures of
trilayer BP with different sodium concentrations without the
lattice constraint. We can observe that the BP layers transform
to AC stacking order. In addition, we find that if there is no
sodium between the two adjacent layers the two layers still keep
the AB ordering, as shown in Figure 6e. As we mentioned
before, there is about 20% expansion along the ¢ direction for
bulk BP with 25% sodium concentration.

Bulk BP is direct semiconductor with a band gap of 0.3 eV."”
Though DFT-D corrections can reproduce the lattice constants
for the layered compound very well, they cannot precisely
describe its electronic properties because of the correlation’s
empirical nature.”” Figure S2a—d shows the band structures for
bulk BP obtained using the PBE functional and the corrected
functionals DFT-D, vdw-DF1, and vdw-DF2, respectively.
Figure S2a shows a band gap of 0.1 eV obtained using the
PBE functional without van der Waals interaction corrections,
which is underestimated because of the overestimated lattice
parameter ¢ and the well-known problem of DFT in predicting
the band gap. The band structure of bulk BP shows a metallic
nature if the DFT-D functional with corrections is employed
(Figure S2b). However, vdw-DF1 and vdw-DF2 can give an
acceptable band gap of 0.4 eV for bulk BP (Figure S2c,d).
Therefore, the vdw-DF2 correction was used for electronic
properties calculations.

Because the as-grown BP is always p-type, sodium
intercalation can be used as a method to make electrons be
the carriers, which has a great impact on p—n junction
fabrication. For bulk BP with a sodium concentration of 12.5%,
the structure with AC stacking order is the most stable one.
The band structure shown in Figure S3 indicates its metallic
nature, and the partial density of states shows that the Na 3s
and P 2p orbitals are hybridized and both contribute to the
conductivity.

We checked other alkali or metal intercalation systems and
found that most foreign atoms can induce stacking reordering,
such as Li, K, Ca, and Cu (see Figure S4). The shift of adjacent
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layers depends on the type of intercalated atom. For example,
the shift of adjacent layers induced by K and Ca are greater
than those induced by Li and Cu because of the atomic radius
difference. In addition, intercalation of foreign metal atoms can
also induce n-type doping in BP. We have demonstrated that
sodiated BP is n-type-doped by simulation. Recently, it was also
experimentally demonstrated that the addition of Cu atoms can
induce n-type doping without degrading the transport proper-
ties of BP.”® The major carrier for most BP is holes, and
therefore, n-type BP is desired for electronic applications, such
as FETs and complementary metal—oxide—semiconductor
(CMOS). The crystalline structure of BP should be maintained
to keep the high mobility of carriers during the electron
introduction process. The intercalation of metal atoms can keep
the crystalline structure and introduce n-type carriers, which
suggests that the metal intercalation methodology would be a
promising strategy for carrier modification. In the present work,
we experimentally demonstrated not only that stacking
reordering is induced by sodium intercalation, and we have
predicted that most metal atoms should have a similar effect.
Experimental verification of the effects of intercalating other
metals is needed.

B CONCLUSIONS

Using DFT simulations and in situ TEM techniques, we studied
the atomistic structural evolution in black phosphorus under
sodium intercalation. Our results show a two-stage sodiation
mechanism in black phosphorus. Upon sodium intercalation,
the stacking order of black phosphorus changes from AB to AC.
Subsequently, we observed amorphous stripes formed in BP
during the sodiation process. This phenomenon was attributed
to the lattice constraint of BP. The intercalation of sodium or
other metals not only induces structural evolution but also
modulates the electronic structure, such as the carrier type. This
suggests new opportunities to exploit alloyed BP for nano-
electronic applications.

B EXPERIMENTAL SECTION

Sample Preparation. A 0.1 mg sample of bulk BP (purchased
from Smart Elements) was ground with a mortar and pestle and then
immersed in 20 mL of isopropyl alcohol (IPA). The sample was
sonicated in a Sonics Vibra-Cell sonicator (130 W) for S h and then
kept still for 20 min. The supernatant was used in this experiment.

In Situ Experiments. The BP sample was attached to a gold wire
to build an in situ sodium ion cell inside the transmission electron
microscope. The gold wire also acted as a current collector on the
nanoflake side. Sodium metal, which served as the counter electrode,
was scratched using a tungsten wire inside the glovebox filled with Ar.
The two electrodes were mounted onto a biasing-TEM sample holder
(Nanofactory Instruments), which was transferred in an airtight
container and loaded into the TEM column. The naturally grown
Na,O and NaOH layer on the surface of the sodium metal served as
the solid electrolyte for Na transport. The (Na,0 + NaOH)/Na
electrode side was moved forward to contact one of BP nanoflakes.
Once a reliable electrical contact was built, potential of —0.5 V was
applied to the phosphorene flake to initiate the sodiation. The
sodiation experiments were carried out inside an aberration-corrected
JEOL JEM-ARM200CF scanning transmission electron microscope
operated at 80 kV. The HAADF images were acquired using a 22 mrad
probe convergence angle and a 90—370 mrad collection angle. The
EELS spectra were obtained with a 45 mrad collection angle. HRTEM
simulations were carried out using the multislice method implemented
in the QSTEM code, which uses Dirac—Fock ionic scattering
potentials provided by David Rez, Peter Rez, and Ian Grant. The
parameters for HRTEM simulations include an accelerating voltage of
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200 kV, a convergence angle of 0.2 mrad, 1.2 mm Cs, and a focal
spread of 4 nm.

Simulation. All of the calculations were conducted using the
Quantum-ESPRESSO package’® in the DFT framework. We
employed ultrasoft pseudopotentials®® as well as the generalized
gradient approximation in the Perdew—Burke—Ernzerhof (PBE)
parametrization®’ of the exchange—correlation functional. A self-
consistent energy accuracy of 1.4 X 107° eV, residual forces below 2.6
X 1072 eV/A, and a total energy convergence of 1.4 X 107* eV were
achieved. Because of the layered structure of BP, the interactions
between layers are van der Waals interactions. While DFT provides a
many-particle framework that in principle incorporates both local and
nonlocal interactions, the standard semilocal approximation used in
DFT neglects the long-range attractive contribution (London
dispersion forces). The effects of dispersion forces have been
considered in our present study. We calculated the transition barriers
for stacking reordering using the nudged elastic band method.*>**
The concentration of alkali in BP can be defined as C = (Np;/n./Np) X
100%.
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