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Anisotropic fluid flows in black phosphorus
nanochannels†
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With the development of advanced micro/nanoscale technologies, two-dimensional materials have

emerged from laboratories and have been applied in practice. To investigate the mechanisms of solid–

liquid interactions in potential applications, molecular dynamics simulations are employed to study the

flow behavior of n-dodecane (C12) molecules confined in black phosphorus (BP) nanochannels. Under

the same external conditions, a significant difference in the velocity profiles of fluid molecules is

observed when flowing along the armchair and zigzag directions of the BP walls. The average velocity of

C12 molecules flowing along the zigzag direction is 9-fold higher than that along the armchair direction.

The friction factor at the interface between C12 molecules and BP nanochannels and the orientations of

C12 molecules near the BP walls are analyzed to explain the differences in velocity profiles under various

flow directions, external driving forces, and nanochannel widths. The result shows that most C12

molecules are oriented parallel to the flow direction along the zigzag direction, leading to a relatively

smaller friction factor hence a higher average velocity. In contrast, along the armchair direction, most

C12 molecules are oriented perpendicular to the flow direction, leading to a relatively larger friction

factor and thus a lower average velocity. This work provides important insights into understanding the

anisotropic liquid flows in nanochannels.

1. Introduction

With the fast development of micro/nanoscale technologies, an
increasing number of two-dimensional (2D) nanomaterials
have been developed in laboratories and used in practical
applications.1–4 As a typical 2D nanomaterial, black phos-
phorus (BP) has attracted enormous attention because of its
direct bandgap,5 high carrier mobility,6 and anisotropic
properties.7 The outstanding physical,8 electronic,9 and optical
properties10 of BP have driven the development of micro/
nanofluidic devices11 based on the material. However, current
research on BP-based micro/nanofluidic devices is still at the
exploratory stage, focusing on fluid flow characteristics in
nanochannels12,13 and solid–liquid interface mechanisms.14,15

The interaction mechanisms at the solid–liquid interface in
BP nanochannels remain elusive. Therefore, unveiling the
interplay between the BP-based nanochannel and fluids is

crucial to understanding the transport properties of fluids in
such nanochannels for practical applications.

In recent years, molecular dynamics (MD) simulations have
emerged as a widely-used tool to investigate fluid transport at
the molecular scale and have been extensively applied to study the
pressure-driven flow of liquid hydrocarbons in nanochannels.7,16–28

The liquid molecules confined in a nanochannel behave differ-
ently compared to the bulk state because of the more dominant
role of interaction between the molecules and confined nano-
channel walls.29–31 The flow behavior of molecules in BP
nanochannels becomes more complicated because of the
solid–liquid interaction with the anisotropic lattice structure of
BP.32 In a recent study, water flowing in BP nanochannels
exhibited a discrepancy (maximum 2 times) of flow velocity
along the zigzag/armchair directions.7 However, whether the
simulation results in water as liquid phase can be generalized
to other liquids (e.g., hydrocarbons) is not clear. Particularly,
the flow behavior of long-chain hydrocarbons in nanochannels
is highly related to their molecular orientation.28 Therefore,
investigating the flow behavior of hydrocarbon molecules con-
fined in BP nanochannels with anisotropy is warranted.

In this paper, MD simulations are conducted to investigate
the anisotropic flow behavior of liquid oil confined in BP
nanochannels. As a representative oil model n-dodecane (C12)
is employed in the simulations. The velocity profiles of oil

a Department of Mechanical Engineering, The University of Texas at Dallas,

Richardson, Texas 75080, USA. E-mail: Guoping.Xiong@utdallas.edu
b Department of Aerospace and Mechanical Engineering, University of Notre Dame,

Notre Dame, Indiana 46556, USA. E-mail: tluo@nd.edu

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3cp04736a

Received 28th September 2023,
Accepted 2nd January 2024

DOI: 10.1039/d3cp04736a

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 0
8 

Ja
nu

ar
y 

20
24

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f T

ex
as

 a
t D

al
la

s o
n 

7/
29

/2
02

4 
11

:0
8:

30
 P

M
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-1054-3669
https://orcid.org/0000-0003-3940-8786
https://orcid.org/0000-0002-3216-0506
https://doi.org/10.1039/d3cp04736a
https://doi.org/10.1039/d3cp04736a
https://rsc.li/pccp
https://doi.org/10.1039/d3cp04736a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026005


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 3890–3896 |  3891

molecules are analyzed by changing the external driving force
and nanochannel width. The average velocities of C12 mole-
cules flowing along the armchair and zigzag directions differ by
a factor of B9 under the same conditions due to the aniso-
tropic lattice nature of BP, which is significantly higher com-
pared to the reported water flow in BP channels with a velocity
difference of 2 times along the armchair and zigzag directions.
Furthermore, we investigate the friction factor at the interface
between the nanochannel and C12 molecules and the orienta-
tion of the C12 molecules near the BP walls. Results show that
oil flow along the armchair and zigzag exhibit a large velocity
discrepancy, which can be influenced by the external driving
force and width of the nanochannels. These findings provide a
better understanding of the transport properties of the C12

molecules in BP nanochannels under different conditions.

2. Methods and simulation model

In this work, all simulations are performed using Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)33 and
visualized by Open Visualization Tool (OVITO).34 Fig. 1a shows a
schematic of the simulation setup. Two BP layers with a dimension
ofB5 nm (x) � 5.5 nm (z) are used as the nanochannel walls with
180 C12 molecules sandwiched between the two parallel BP walls
while the atoms number of different conditions is listed in Table S1
(ESI†). Periodic boundary conditions are applied along the x and z
directions. The time step size is set to 1 fs. The cutoff distance is set
to 12 Å. The C12 molecules are modeled using the polymer
consistent force field (PCFF).35 The BP molecules are modeled
using the Stillinger–Weber (SW) potential.7 The non-bond interac-
tions are described by the Lennard-Jones (L-J) potential,36,37 which
has included the impact of van der Waals interactions:36

E ¼ 4e
s
rij

� �12

� s
rij

� �6
" #

(1)

where e and s are the energy and length constants, respectively, and
rij is the distance between two atoms i and j. For cross-species

pairwise L-J interactions, the Lorentz–Berthelot rule is used:38,39

eij ¼
ffiffiffiffiffiffiffiffi
eiiejj

p
; sij ¼

sii þ sjj
2

(2)

where eij and sij are the energy constants and distance parameters
of the L-J potential between type i and type j atoms, respectively.
All adopted L-J potential parameters7 are listed in Table 1. The long-
range electrostatic interactions in the entire system are computed
by the particle–particle particle-mesh (PPPM) approach40 with an
accuracy of 1 � 10�5.

The system is relaxed by the following processes: first, the
system is run in the microcanonical ensemble (i.e., NVE) for
10 ps. Then, a canonical ensemble (i.e., NVT) is applied at a
temperature of 300 K for 2 ns. Subsequently, the system is
equilibrated by applying an isobaric-isothermal ensemble (i.e.,
NPT) for 10 ns at 1 atm with one of the BP nanochannel walls
fixed by a spring force of 2 � 10�2 kcal mol�1 Å�1 while the
other is free to move. Finally, a following NVT for 5 ns is
applied. The density profiles of C12 molecules along the y
direction are collected and averaged during the last 5 ns of the
NVT process. As shown in Fig. 1b, the average density of C12 in
the middle region of the BP nanochannels is calculated to be
0.708 g cm�3, which is within 94.53% to the experimental density
data of its bulk phase (0.749 g cm�3)41 at the same pressure and
temperature. The density of C12 is calculated with the same
relaxed process without BP wall as shown in Fig. S3 (ESI†).

The flow behavior of C12 molecules confined in the BP
nanochannel is studied by nonequilibrium molecular
dynamics (NEMD). During the simulations, both BP nanochan-
nel walls are fixed, and constant external driving forces along
the z direction (i.e., armchair direction) or x direction

Fig. 1 (a) Schematic of the simulation setup in which C12 molecules are confined in a BP nanochannel which the blue and red atoms represented the
middle carbon atoms and head/tail carbon atoms. (b) The density distribution of C12 along the y-axis.

Table 1 L-J potential parameters for different atom species

Atom e (kcal mol�1) s (Å)

BP P 0.367 3.438
C12 C 0.54 4.01

H 0.02 2.995
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(i.e., zigzag direction) are applied to all the C12 molecules in the
BP nanochannel to mimic the flowing behavior of C12 under
constant pressure conditions. The NEMD simulation based on
the previous condition continues for 20 ns with the Nosé–
Hoover thermostat applied along the directions perpendicular
to the C12 molecules flow28,42–44 since employing the velocity
perpendicular to the flow direction and subtracting the center
of mass velocity help accurately control the temperature. The
interactions between BP nanochannel and C12 molecules
under different conditions are quantitatively analyzed using
the group force computation method (Table S1, ESI†).

3. Results and discussion

For the simulatedmodel (Fig. 1a), the zigzag direction of the BP is in
the x direction, and the armchair direction is along the z direction.
External driving forces ranging from 5 � 10�4 kcal mol�1 Å�1

to 2 � 10�3 kcal mol�1 Å�1 are applied to each atom in the C12

molecules along either armchair or zigzag direction of the BP
nanochannel. The group force computation method applied
to calculate the interaction between BP nanochannel and C12

molecules. This interaction influences the pressure gradience
(Table S1, ESI†) and velocity profile of the C12 molecules
under various conditions. The velocity profiles of C12 molecules
in the relaxed system along the y direction are averaged
every 20,000 time steps (i.e., 2 � 10�2 ns) based on the
data from the last 10 ns of NVT. Fig. 2 shows the velocity
profiles of C12 molecules confined in the BP nanochannels
when the C12 molecules are flowing along the armchair (Fig. 2a)
and zigzag (Fig. 2b) directions under different driving forces.
Under the same external driving force, the average velocity of
C12 molecules flowing along the armchair direction is much
lower than that flowing along the zigzag direction. When
C12 molecules are flowing along the zigzag direction of a
2-nm nanochannel under an external driving force of 5 �
10�4 kcal mol�1 Å�1, the average velocity of C12 molecules is
9 times higher than that flowing along the armchair direction.
Moreover, the velocity profiles of C12 molecules flowing along
the armchair direction exhibit larger curvatures than those

along the zigzag direction, which can be attributed to the larger
friction32 between BP walls and C12 molecules along the arm-
chair direction. This can also explain why the average velocity
along the armchair direction is smaller than that along the
zigzag direction. In addition, with the increase of the external
driving force, the average velocity change along the armchair
direction is higher than that along the zigzag direction (Fig. S1,
ESI†). It can be inferred that the friction between the C12

molecules and the BP walls changes as the external driving
force increases.

To further explain the different flow behaviors of the C12

molecules along the armchair and zigzag directions, the Darcy–
Weisbach friction factor is calculated based on the data col-
lected from the MD simulations by the following formula:45–47

f ¼

Nfext

AL

� �
Dh

1

2
rv2

(3)

where r is the mass density, fext is the external driving force
added on every fluid atom while N is the number of the fluid
atoms, A is the sectional area of the nanochannel and L is the
length of nanochannel segment, v is the average fluid velocity at
a nanochannel cross-section, and Dh is the hydraulic diameter
which is twice the width of the nanochannel.

Fig. 3 depicts the calculated friction factors at the interfaces
between C12 molecules and BP nanochannels with a width of
2 nm under different external driving forces. The magnitude
friction factor varies from 1 to 104, which agrees well with the
simulation results of other nanochannels in prior work.46,47

Results show that the friction factor along the zigzag direction
is consistently smaller than that along the armchair direction.
On the other hand, the friction factor decreases as the external
driving force increases along both directions. Consequently,
the disparity between friction factor along the armchair and
zigzag directions reduces as the external driving force increases
(Fig. S2, ESI†). The friction factor results are consistent with the
velocity profile results shown in Fig. 2.

Fig. 2 Velocity profiles of the C12 molecules flowing along the (a) armchair direction and (b) zigzag direction under different external driving forces in a
2-nm BP nanochannel.
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To further elucidate the mechanisms of the drastically different
flow behaviors along the armchair and zigzag directions, the
orientation of the C12 molecules near the BP wall is investigated
because it can affect the molecules flowing at the interface.28 The
orientation parameter (S) of each C12 molecule is calculated by:48,49

S xð Þ ¼ 3

2
cos2 y xð Þ � 1

2
(4)

S zð Þ ¼ 3

2
cos2 y zð Þ � 1

2
(5)

where y(x) is the angle between the flowing direction and the head-
to-tail vector of the C12 molecule when flowing along the zigzag
direction, and y(z) is that of the C12 molecules flowing along the
armchair direction. The value of S ranges from �0.5 to 1.
Particularly, S = 1 indicates that the C12 molecules are aligned
parallel to the flow direction, while S = �0.5 indicates that the C12

molecules are aligned perpendicular to the flow direction.

Fig. 4a exhibits the x–z cross-sectional view of the one-
layered oil molecular structure close to the BP wall. The
chain-like C12 molecules are parallel to the BP wall and aligned
in different directions. As Fig. 4b shows, under an external
driving force of 1 � 10�3 kcal mol�1 Å�1, the orientation
parameter S of C12 molecules flowing along the zigzag direction
is higher than that along the armchair direction under the same
external force. The result implies that along the zigzag direction,
most C12 molecules are oriented parallel to the flow direction.
On the contrary, most C12 molecules are oriented perpendicular
to the flow direction along the armchair direction.

As such, when the C12 molecules flow along the zigzag
direction, the friction between the C12 molecules near the BP
walls is low, leading to a high average velocity. In contrast,
when the C12 molecules flow along the armchair direction, the
molecules in the neighboring layers need to overcome the
corrugated landscape, resulting in a lower average velocity.
Therefore, we can conclude that for C12 molecules flowing
along armchair and zigzag directions, the alignment of oil
molecules near the wall is different, leading to substantial
divergences in the friction factor and average velocities.

Additionally, Fig. 5 and Fig. S4 (ESI†) illustrate that as the
width of the nanochannel increases, the velocity profiles along
both the armchair and zigzag directions retain their high-
curvature and low-curvature configurations, respectively,32

indicating that the friction between the BP walls and C12

molecules flowing along the armchair direction is consistently
higher than that along the zigzag direction.32 The mechanism
of the different velocity profiles will be analyzed by following
the friction factor and orientation data with different width of
nanochannels.

The comparison between Fig. 5a and b with Fig. 5c and d
and further results (Fig. S4, ESI†) demonstrate that the curva-
ture of the velocity profiles declines as the width of the
nanochannel increases. This suggests that the velocity differ-
ence between C12 molecules in the middle region and the near-
wall region of the nanochannel is gradually decreasing because
the relative importance of the friction from the BP walls is

Fig. 3 The logarithm of the friction factor between C12 molecules and
BP nanochannels under external driving forces ranging from 5 � 10�4 to
2 � 10�3 kcal mol�1 Å�1.

Fig. 4 (a) x–z cross-sectional view of the one-layered structure, in which the molecular chains of C12 are aligned parallel to the BP wall. (b) The
orientation parameter S value versus time along armchair and zigzag directions in 2-nm BP nanochannels.
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progressively diminishing. As the width of the nanochannel
increases, the interaction between the BP walls and the C12

molecules in the middle region of nanochannels gradually
weakens. On the other hand, when the nanochannel widens,
the velocity gradient difference along the y direction decreases
due to the increase in the total number of atoms, making the
velocity profiles appear smoother.

In Fig. 6a and b, we present the logarithm of friction factor
at the interface between BP nanochannel surface and C12

molecules versus external forces for BP nanochannels with
widths of B4 nm and B6 nm. Similar to the results for the
2-nm-wide nanochannel, the friction factors along the armchair
direction are significantly higher than those along the zigzag
direction. As the external driving force increases, the friction

Fig. 5 Velocity profiles of the C12 molecules confined in 4-nm BP nanochannels when flowing along the (a) armchair direction and (b) zigzag direction.
Velocity profiles of the C12 molecules confined in 6-nm BP nanochannels when flowing along the (c) armchair direction and (d) zigzag direction.

Fig. 6 The logarithm of the friction factor between C12 molecules and BP nanochannels for BP nanochannels with widths of (a) 4 nm and (b) 6 nm.
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factors along both directions decrease. Similarly, the friction
factors along the zigzag direction experience a smaller
reduction than along the armchair direction with the incre-
ment of the external driving force. This reduces the disparity
between the friction factors along the two directions in each
nanochannel, and these findings are consistent with the velo-
city distribution results. Moreover, the friction factors along
different directions decrease as the width of the nanochannel
increases under identical driving forces. For instance, under
the same external driving force of 5 � 10�4 kcal mol�1 Å�1, the
friction factor of the 4-nm-wide nanochannel (Fig. 6a) is 2 times
higher than that of the 6-nm-wide nanochannel (Fig. 6b). The
discrepancy between the friction factors along different direc-
tions diminishes when the width of the nanochannel increase.

To further reveal the influence of nanochannel width on the flow
behavior, we calculate the orientation parameters of the C12 mole-
cules close to the BP walls in 4-nm and 6-nm nanochannels under
identical external driving forces. Fig. 7a and b shows that the
orientation parameters S calculated from eqn (5) along the zigzag
direction are larger than those along the armchair direction in the
4-nm and 6-nm nanochannels. This implies that along the zigzag
direction, most C12 molecules are oriented parallel to the flow
direction, whereas along the armchair direction,most C12molecules
are oriented perpendicular to the flow direction. This can also
explain why the frictional resistance along the zigzag direction is
lower than that along the armchair direction under the same
conditions. By comparing the orientation parameters of C12 mole-
cular in 4-nm (Fig. 7a) to 6-nm (Fig. 7b) nanochannels, the
difference gradually diminishes between the orientation parameters
S along the armchair and zigzag directions. This indicates that the
disparity in molecular orientations of the C12 one-layered structure
near the BP wall along the direction of motion is decreasing along
different directions, which is consistent with the results of the
friction factor and velocity distribution differences.

4. Conclusion

systematic molecular dynamics simulations have been per-
formed to study the flow behavior of C12 molecules in BP

nanochannels. Average velocities of C12 molecules along arm-
chair and zigzag directions of BP walls under different condi-
tions were calculated and compared. Results show that the C12

molecules exhibit prominent anisotropic flow behavior in the
BP nanochannels. When C12 molecules are flowing along the
zigzag direction of a 2-nm nanochannel under an external
driving force of 5 � 10�4 kcal mol�1 Å�1, the average velocity
of C12 molecules is 9 times higher than that flowing along the
armchair direction. The difference in average velocities of oil
flowing along armchair and zigzag directions depends on the
external driving force applied to the C12 molecules and the flow
resistance, while the difference in friction is related to the
orientation of C12 molecules in the near-wall region. Along the
zigzag flow direction, most C12 molecules in the layered struc-
ture are aligned parallel to the flow direction, resulting in
smaller friction and higher velocities. In contrast, along the
armchair flow direction, most C12 molecules in the one-layered
structure are aligned perpendicularly to the flow direction,
leading to larger friction and therefore lower velocities. Moreover,
the molecular orientation also explains the velocity profiles of the
C12 molecules in the BP nanochannels under varying width of
nanochannels. These findings facilitate a better understanding of
the flow behavior of fluid molecules under nanoconfinement in
BP nanochannels and may shed light on the solid–liquid interac-
tions in nanochannels.
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