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Abstract

Understanding the slip behaviors on the graphene surfaces is crucial in the field of nanofluidics and nanofluids. The reported
values of the slip length in the literature from both experimental measurements and simulations are quite scattered. The
presence of low concentrations of functional groups may have a greater impact on the flow behavior than expected. Using
non-equilibrium molecular dynamics simulations, we specifically investigated the influence of hydroxyl-functionalized gra-
phene surfaces on the boundary slip, particularly the effects related to hydrogen bond dynamics. We observed that hydroxyl
groups significantly hindered the sliding motion of neighboring water molecules. Hydrogen bonds can be found between
hydroxyl groups and water molecules. During the flow process, these hydrogen bonds continuously form and break, resulting
in the energy dissipation. We analyzed the energy balance under different driving forces and proposed a theoretical model
to describe the slip length which also considers the influence of hydrogen bond dynamics. The effects of the driving force

and the surface functional group concentration were also studied.
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1 Introduction

The research on the fluid flow in nanochannels is of great
significance both practically and fundamentally (Kannam
et al. 2013). The development of nanofluidics offers inspir-
ing solutions in various applications, including chromatog-
raphy, drug delivery, chemical separations, water desalina-
tion, and sustainable energies (Eijkel and van den Berg 2005;
Schoch et al. 2008; Zhang et al. 2020). Despite significant
efforts over the years, the underlying mechanisms governing
fluid behavior at the nanoscale remain elusive (Figoli et al.
2017). The behavior of fluids at the nanoscale often departs
from the traditional framework of continuum theory, which
describes fluid behavior on macroscopic scales (Bocquet and
Charlaix 2010; Kavokine et al. 2021).

In recent years, numerous experimental measure-
ments and simulations have suggested that ultrafast water
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transport takes place inside carbon nanotubes (CNTs) and
nanochannels constructed using graphene sheets (Whitby
and Quirke 2007; Falk et al. 2010; Ye et al. 2011; Kannam
et al. 2013; Guo et al. 2015; Secchi et al. 2016). In the
microfabricated membranes composed of aligned CNTs
with diameters less than 2 nm, the water flow was meas-
ured to exceed the predicted values from Poiseuille law by
more than 3-5 orders of magnitude (Hummer et al. 2001).
Experiments reported that the velocity of water transport
through graphene nanoslits with a height of about 1 nm
can reach up to 1 m/s (Radha et al. 2016). One important
reason for these fast water flow is the large slip length at
the water/graphene interface. The slip length, which char-
acterizes the degree of slip, plays a crucial role in theo-
retical calculations. Many experimental and theoretical
studies have studied the slip length of water on graphene
surfaces, but the reported results still exhibit significant
discrepancies, which span the range of 1-80 nm (Kan-
nam et al. 2013). Based on the experimental results, the
slip length of water flow in CNTs shows strongly radius
dependent. It can be as large as 300 nm for CNTs with a
radius of about 15 nm. However, almost no slip occurred
for the water flow inside boron nitride (BN) nanotubes
(Secchi et al. 2016). The differences in friction forces
between these two surfaces were insufficient to explain
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the disparity in slip lengths (Tocci et al. 2014). Therefore,
the significant differences in slip lengths should originate
from more subtle atomic-scale details at the solid-liquid
interface, including defects or electronic structures of the
wall material (Secchi et al. 2016). In molecular dynamics
(MD) simulations, the channel walls are usually modeled
as atomically smooth graphitic surfaces (Joly et al. 2016;
Michaelides 2016; Grosjean et al. 2016). Most simula-
tion models did not fully consider the influence of surface
defects, functional groups, and water dissociation on the
solid surface (Majumder et al. 2011; Vijayaraghavan and
Wong 2014). In actual experiments, low concentrations of
defects and residual functional groups may have a greater
impact on the flow behavior than expected.

Density functional theory (DFT) calculations were per-
formed to investigate the adsorption of hydroxyl functional
groups in water environments on monolayer graphene and
hexagonal BN surfaces. The results show that the hexago-
nal BN surface is more prone to the adsorption of hydroxyl
functional groups compared to the graphene surface, due to
the difference in electronic structure of the surface materials
(Grosjean et al. 2016). Water friction on several defective
surfaces was computed using ab initio molecular dynamics
(AIMD) simulations. It was observed that at certain spe-
cific defects, water molecules dissociated into ion groups
and adsorbed onto the surface. In addition, at these defect
sites, surface groups formed additional hydrogen bonds
(H-bonds) with other water molecules, significantly enhanc-
ing the solid—liquid frictional forces. The enhanced friction
could be as high as eight times of that on a smooth surface
(Joly et al. 2016). Other MD simulations revealed that even a
very low concentration of hydroxyl functional groups (~5%)
on the graphene surface reduced the slip length of water
flow by 97%, decreasing it from 48 to 1.26 nm (Wei et al.
2014a). The influence of hydroxyl-functionalized graphene
surfaces on the flow of confined two-dimensional water in
a slit channel was investigated using MD simulations (Fang
et al. 2018). Although the water flow was not completely
blocked at the edge of the hydroxyl functional groups, they
still significantly impeded the flow. The resistance generated
by a single, isolated hydroxyl functional group was equiva-
lent to an area of ~90 nm? of pristine graphene surface (Fang
et al. 2018).

It is important to fully understand how the presence of
functional groups on the graphene sheet can significantly
reduce the water flow. In this study, we intend to go deeper
on this problem. Using non-equilibrium MD simulations,
the dynamic behavior of H-bonds at the interface and the
influence on boundary slip behavior were investigated. The
H-bond breaking rate was calculated under different driving
forces on the water flow. Based on the energy analysis, a
theoretical model was proposed to explain how the interfa-
cial H-bond dynamics moderates the boundary slip.
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2 Methods

To investigate the influence of H-bond dynamics on the
boundary slip behavior of water flow, we created a nano-
channel using two parallel graphene sheets. The chan-
nel connects two water reservoirs each containing 5000
molecules, as shown in Fig. la. The graphene sheets
featuring hydroxyl groups have the lateral xy dimension
of 5.11x5.11 nm?%. The channel height is defined as the
center-to-center distance between the carbon atoms of two
graphene walls, which is 3.4 nm. Hydroxyl-functionalized
graphene channels were constructed with different surface
functional group concentrations, denoted as c. ¢ = ngy /ne,
where ngy and n- represent the number of hydroxyl groups
and carbon atoms on the wall, respectively. The value of ¢
ranges from 0 to 5%. It was reported that functional groups
tend to form aggregation on graphene surfaces (Erickson
et al. 2010; Yan and Chou 2010; Mouhat et al. 2020; Guo
et al. 2022). Therefore, in our simulation model, the oxi-
dized carbon atoms were not fully randomly distributed.
We arranged the functional groups to form cluster distribu-
tions on the channel walls. On the upper and lower walls
of the channel, we selected two circular regions where
the hydroxyl groups were distributed. Thus, there are two
types of regions: the functionalized regions with hydroxyl
groups and the pristine regions without hydroxyl groups.

The hydroxyl group atoms (including hydrogen and
oxygen atoms) were allowed to move, providing flexibil-
ity of the surface functional groups. The bond stretching
and angle bending of the hydroxyl groups were taken into
account explicitly. All carbon atoms were fixed during
MD simulations. The force field employed in this work
consisted the Lennard—Jones (LJ) potential and the electro-
static term with Coulomb's law. A cutoff of 1 nm was used.
The long-range Coulombic interactions were calculated
used the particle—particle particle—-mesh (PPPM) method.

There are a large number of computer simulation stud-
ies that evaluated several water models, including SPC,
SPC/E (rigid extended simple point charge), TIP4P,
TIP5P, TIP4P/2005, TIP4P-BG, etc. (Mark and Nilsson
2001; Abascal and Vega 2005; Wu et al. 2006; Ho and
Striolo 2014; Ye et al. 2021). Indeed, careful analysis of
many thermodynamical, dynamical, and structural prop-
erties shows that SPC/E model performs well: the water
shear viscosity, self-diffusion constant, static dielectric
constant, etc. (Smith and van Gunsteren 1993; Wu et al.
2006; Gonzalez and Abascal 2010) Therefore, the SPC/E
model has also been extensively used in a substantial body
of research on the interactions between water and graphene
(Argyris et al. 2008; Sala et al. 2012; Taherian et al. 2013;
Kalluri et al. 2013). Nowadays, based on machine learn-
ing and other methods, some water molecule models
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with excellent performance have been developed, such as
TIP4P-BG and TIP4P-BGT (Ye et al. 2021). In our study,
the SPC/E model (Berendsen et al. 1987) was used for
the water molecules. The LJ parameters governing the
interaction between graphene and water are as follows:
6co = 3436 A, £ = 0.0850kcal/mole, oqy = 2.690 A,
and e = 0.0383 kcal/mole (Wu and Aluru 2013). The
parameters for the LJ interactions, bond and angle inter-
actions of hydroxyl groups and graphene were determined
using the optimized potential for liquid simulations-all
atom (OPLS-AA) force field (Jorgensen et al. 1996),
which is commonly used to simulate graphene with surface
functional groups (Wei et al. 2014b; Chen et al. 2017).
Periodic boundary conditions were applied in all the three
directions.

MD simulations were performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package (Plimpton 1995). A time step of 1.0 fs was used for
the velocity-Verlet integrator, with the SHAKE algorithm
applied for the water to reduce high-frequency vibrations
that need shorter time steps. The temperature and pres-
sure were controlled by the Nosé—Hoover thermostat and
barostat, respectively. To calculate the temperature, the spa-
tially averaged center-of-mass velocity was subtracted out in
the calculation on the kinetic energy. Initially, simulations
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functionalized region

were carried out in constant pressure and temperature (NPT)
ensemble. All water molecules were equilibrated for 200 ps
at a temperature of 298 K and pressure of 1 atm to reach
equilibrium. The graphene channels were initially empty and
then filled with water molecules. The length of the simulated
box along the z-axis changed accordingly. Then non-equi-
librium MD simulations were performed in the canonical
(NVT) ensemble to investigate the fluid flow. To drive the
flow, a constant force was applied to water molecules in a
minute rectangular region from z = —6.23to — 6.13 nm at
the end of the simulation box.

3 Results and discussion

We first examined how the presence of hydroxyl groups
affects the motion of water molecules at the interface. In
our MD simulations, the velocities of on graphene surfaces
with various ¢ and under different driving forces were calcu-
lated. Here the channel with ¢ =3% was taken as an example.
The distribution of hydroxyl groups on the upper surface is
shown in Fig. 2a. The upper and lower walls of the channel
have the same ¢ and similar distributions of hydroxyl groups.
To investigate the effect of various driving forces, we applied
three different magnitudes of driving forces: f= 0.01, 0.03,
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Fig.2 a Structure of hydroxyl-
functionalized graphene sheet
with functional group con-
centrations ¢ = 3%. Red and
white spheres on gray graphene
represent hydrogen atoms and
oxygen atoms in hydroxyl
groups, respectively. b—d The
distribution of z-direction water
boundary slip velocity u, in

the xz-plane with driving force
applied along the z-direction:
f=0.01, 0.03, 0.05 kcal/(mole
A), respectively. Only the water
molecules in the interfacial
layer were considered

(@)

(C)  £=0.03 kcal(mol-A)

0.05 kcal/(mol A). After MD simulations of 20 ns, the water
flow reached a steady state under the applied driving forces.
A region located approximately 0.2 nm away from the chan-
nel walls and with a width of approximately 0.3 nm was
defined as the interface layer. The water molecules within
this interfacial layer were identified and their velocities were
calculated. The averaged velocity in this interfacial layer can
also be regarded as the boundary slip velocity. The velocity
contours of this water layer in the two-dimensional xz-plane
were plotted for different driving forces in Fig. 2b—d.
Generally, the interfacial water flow exhibits larger
velocity in the pristine regions, compared with that in the
functionalized regions. At a driving force of f=0.01 kcal/
(mole A), the velocity in the pristine regions is not high,
which is about 1.5 m/s. In contrast, we cannot find notable
slip velocity in the functionalized regions or nearby. That is
to say, most water molecules in the functionalized regions
have a velocity close to zero, as shown in Fig. 2b. If we
averaged the velocity over the entire interfacial water layer,
the slip velocity is not particularly significant. We can say
there is not interfacial slip at this low driving force. As the
driving force slightly increases to f=0.03 kcal/(mole A),
the velocity difference between the pristine regions and the
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functionalized regions becomes evident, as shown in Fig. 2c.
The presence of hydroxyl groups clearly hinders the velocity
of water molecules in the functionalized regions. Under a
higher driving force of f=0.05 kcal/(mole A), a significant
slip velocity exhibits even in the functionalized regions,
reaching 1-2 m/s, as shown in Fig. 2d. At this point, we
may say that the slip occurs in the entire interfacial water
layer. These results again confirmed that the presence of
hydroxyl groups on the channel walls hinders the motion
of water molecules. H-bonds can be formed between the
interfacial water molecules and the hydroxyl groups. The
movement of water molecules in the interfacial layer must
be accompanied by breaking of the H-bonds. Thus, the pres-
ence of hydroxyl groups creates significant resistance to the
interfacial flow field and has a significant impact on bound-
ary slip velocity. At lower driving forces, it is difficult for
water flow to undergo the slip in the regions adjacent to the
hydroxyl groups. As the driving force increases, the bound-
ary slip is hindered by H-bonds, not only in the functional-
ized regions but also in the pristine regions. Meanwhile,
the differences in the velocity between functionalized and
pristine regions become more pronounced. The results above
indicate that the occurrence of slip is more complicated than
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we previously thought. There might be a transition process
from no slip to slip at the boundary if the channel surfaces
are not atomically smooth. The hydroxyl groups lead to a
non-uniform distribution of slip velocity within the inter-
facial water layer, as shown in Fig. 2b—d. Because the driv-
ing force is gradually increasing, the entire interfacial water
layer does not exhibit slip initially. Then the water flow in
the pristine regions starts to slip. Next, the slip can be found
in the functionalized regions. Finally, the entire interfacial
water layer starts to slip.

The aforementioned interfacial water layer can be clearly
seen in the density profiles of water along the direction per-
pendicular to the channel wall, as shown in Fig. 3a. There is
a distinct density peak close to the channel wall. The density
profiles exhibit profound decaying oscillation adjacent to
two walls. In the center part of channels (—0.5 nm<y<0.5
nm), the density is equal to the bulk density of water. We
can find from Fig. 3a that the density profiles are almost the
same under different driving forces. We calculated the veloc-
ity profiles along the direction perpendicular to the channel
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Fig.3 a Density profiles and b velocity profiles of water flow within
the channel are shown. Water flows between the sheets with a func-
tional group concentration of ¢ =3% and under different driving
forces. The range of driving force fis from 0.01 to 0.05 kcal/(mol A).
In a, b, the position of the interface layer is represented by the blue
region, while the channel walls are represented by the black region

wall, as shown in Fig. 3b. The flow velocity in an interme-
diate region of the channel (— 1.7 nm<y<1.7 nm, — 1.5
nm <z<1.5 nm) under different driving force was aver-
aged. It can be observed that the flow velocity at the bound-
ary is significantly influenced by the presence of hydroxyl
groups. The characteristics of these velocity profiles can
be described theoretically by the Poiseuille flow with slip
boundary conditions,

P (2
u(y) = 2;1_L<Z -y > + Ugip. (1

where 7 is the shear viscosity, P/L is the pressure gradi-
ent along the flow direction, ug;, is the slip velocity at the
fluid—wall interface, and # is the effective width of the
channel along the y-axis. According to the definition of the
Navier’s slip boundary condition (Navier 1823; Eslami and
Miiller-Plathe 2010), the slip velocity ug;, at the wall is pro-
portional to the normal derivative of the velocity. The slip
length 6 of the boundary water layer:

_u(y) _ ZnLu
"~ du/dy y=th/2 N @)

The overall average slip velocity of the boundary water
layer increases from ~ 0 to ~ 3 m/s, which corresponds to the
onset of slip behavior. The slip velocity calculated from the
interfacial water layer increases with the increasing driving
force. Examining the velocity curve in Fig. 3a, it is noticed
that the slip velocity at the boundary deviates from the fit-
ted parabolic profile. This result is expected because a lay-
ered and ordered structure of water molecules occurs at the
interface.

From Eq. (1), we can see that the pressure gradient P/L
is important in determining the velocity inside the channel.
Although the pressure gradient cannot be estimated directly
from the driving force, we can use two other methods to
calculate the pressure gradient inside the channel. First, the
pressure distribution along the flow direction in the channel
can be obtained by fitting the velocity parabola in Fig. 3a
using Eq. (1). P/L can be obtained from the coefficient of
the quadratic term of the quadratic curve. In addition, the
pressure distribution along the flow direction can also be cal-
culated using the Irving—Kirkwood (IK) formula (Irving and
Kirkwood 2004; Yang et al. 2012), as shown in the inset of
Fig. 4. The pressure gradient can be obtained by calculating
the slope of the pressure distribution with respect to the dis-
tance along the channel. These results under different driv-
ing forces are summarized in Fig. 4. The pressure gradient
obtained by the two methods show quite good agreement.

The pressure gradient obtained in Fig. 4 provides the
driving force for the water flow. At the channel wall surfaces,
there are interactions between the hydroxyl groups and water
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Fig.4 The comparison of calculated pressure gradient in the channel
using two different methods: fitting the velocity profiles with Eq. (1),
and calculating the pressure distribution using the IK equation. The
inset illustrates the pressure distribution in the channel for different
driving forces obtained using the IK formula

molecules in the interfacial water layer. The non-uniform
distribution of slip velocity along the wall surface shown in
Fig. 2 indicates that the presence of hydroxyl groups hinders
the boundary slip. We believe that H-bonds formed between
the hydroxyl groups and water molecules is the main cause
of this hindrance. The H-bonds mentioned here and later just
refer to the H-bonds between water molecules and hydroxyl
groups, not that among water molecules.

To understand the mechanism of how the H-bonds hinder
the slip behavior, we investigated the dynamic processes of
H-bond formation and breaking. As shown in Fig. 5a, we
focus on one water molecule and a hydroxyl group. Func-
tional groups only form H-bonds with water molecules in
the layer closest to the surface. Due to molecular thermal
motion, water molecules near the functional groups exhibit
diverse movement directions. Water molecules moving
in various directions can impact H-bonding; for example,
the diffusion of water molecules in the direction perpen-
dicular to the surface is slow and anisotropic. However, in
our study, the influence of the driving force on H-bonds is
mainly manifested in the fact that the driving force induces

Fig.5 a Three typical states (a)
in the dynamic behavior of a

H-bond: initial state (S1), for-

mation (S2), and breaking (S3).

The light blue region represents

the water layer closest to the

wall, and the black arrows indi-

o mm)p
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water molecules to flow along the z-direction, leading to the
formation of H-bonds as water molecules pass the functional
groups. Subsequently, the driving force causes them to move
away from the functional groups in the z-direction, resulting
in bond breaking.

In our research, there are three typical states in the
dynamic behavior of a H-bond. (i) Initial state: there is
no H-bond between this water molecule and the hydroxyl
group. The hydroxyl group might connect with another water
molecule by a H-bond. This state is referred to as S1. (ii)
H-bond formation: this water molecule and the hydroxyl
group are connected by the H-bond, which is called S2.
(iii) H-bond breaking (S3): this water molecule separated
with the hydroxyl group. When a H-bond forms, the oxygen
and hydrogen atoms in hydroxyl groups can act as either
donors or acceptors. Each hydroxyl group typically forms
1-3 H-bonds with adjacent water molecules.

To determine the formation of H-bonds, the geometric
method proposed by Luzar and Chandler (1996a, b) was
employed in our analysis. The distance d between the oxygen
atom of a water molecule and the oxygen atom of a hydroxyl
group is less than 3.5 A, it is considered that a H-bond has
formed between them. Before calculating the number of
H-bonds at each time step, we performed an average analy-
sis of the distances d between oxygen atoms to minimize the
random effects caused by molecular thermal fluctuations.
After observing the vibrational behavior of water molecules,
we averaged the distance between oxygen atoms d, over a
period of 100 fs:

dnew(t) = Z dz/n (3)
0

The time evolution of the statistically averaged distance d
was performed for each hydroxyl group. Some of the typical
examples are provided in Fig. 5Sb—e. When the water mol-
ecules are not forming H-bonds with the hydroxyl groups,
the value of d is greater than 3.5 A. This state is referred to
as S1, as illustrated in Fig. 5b. When the water molecules
approach the hydroxyl groups closely enough, H-bonds start

to form, and the value of d stabilizes below 3.5 A for a cer-
tain period of time. The curve of d as a function of time
exhibits a clear plateau, indicating the stable formation of
H-bonds, which corresponds to the state S2. The lifetime of
the H-bonds, represented by the duration of the plateau of
d, is approximately between 10 and 100 ps. Subsequently,
the water molecules may escape from the hydroxyl groups.
Then d is larger than 3.5 A, representing the breaking of the
H-bonds, referred to as state S3.

This method allowed us to conduct detailed analysis on
the time evolution of the H-bond breaking rate v in the inter-
facial water layer under different driving forces. The results
are summarized in Fig. 6a. The analysis on the H-bond
dynamics was performed for a sufficiently long time (100
ns) to obtain stable values of v,,. Although the H-bond break-
ing rate v, exhibits some fluctuations in the first few tens of
nanoseconds, its value eventually stabilizes. We also found
that the H-bond breaking rate v, increases with the increas-
ing driving force. Even in the absence of driving force, the
formation and breaking of H-bonds occurs frequently due
to molecular thermal motion, as shown in the case of f =0
in Fig. 6a. Therefore, when we intend to discuss the break-
ing rate of H-bonds as the outcome of the driving force,
the H-bond breaking rate v, when f = 0 should be subtract.
That is

V() = vo(f) = vo(0). “

This difference in H-bond breaking rate, v(f), represents
the contribution from the driving force. We refer to this
as the driving H-bond breaking rate. The results given in
Fig. 6b manifest that the driving H-bond breaking rate shows
a proportional increase with the driving force. This indicates
that the driving force significantly accelerates the dynamic
process of H-bond breaking in the interfacial water layer.

The breaking of H-bonds is accompanied by energy
exchange. The energy dissipation of the water flow has
significant impact on the slip behavior at the solid—liquid
interface. Considering the entire system consisting of the

Fig.6 a The time variation of (
the H-bond breaking rate v,

during MD simulations of 100

ns under different magnitudes

of driving forces f. b The

relationship between the driving
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water flow and the channel walls in MD simulation, the input
energy rate to the system comes from the work done by the
external driving force per unit time, which leads to the flow
behavior caused by the pressure gradient. Eventually, the
flow velocity inside the channel reaches a steady state, and
the flow field becomes stationary. From an energy perspec-
tive, the work done by the pressure gradient on the system
is ultimately dissipated, resulting in the energy balance of
the system. The energy dissipation rate of the system can
be divided into three parts. (1) The energy dissipation rate
due to viscous stress W ;.. (2) The energy dissipation rate
because of the water friction in the pristine regions, W;..
This can be understood by the friction between water and the
pristine graphene surface. (3) The third part of the energy
dissipation rate is caused by H-bond breaking in the func-
tionalized regions, Wy,. So, we have

WP = Wdiss = ins + WHb + Wfr' (5)

According to Eq. (1), the work done by the driving force
can be calculated as:

h/2
wh3 P?
Wp = / Pwu(y)dy = T2nL +thushp. 6)
—h/2

We can also obtain the energy dissipation rate W,;, caused
by the internal viscous stress of the water flow:

y=h/2
_ wh*AP?

2
du(y)
W... = Ln| —=| dy = ———.
/ wn[ dy] y 120 )
y=—h/2

Regarding the energy dissipation rate at the boundary, we
first calculate the energy dissipation rate Wy, caused by the
frictional between water and graphene. Thus,

W, = ZWL/I(MSHP)Z, 3)

in which the friction coefficient 1 between water and gra-
phene can be calculated using the Green—Kubo formula. On
the other hand, the energy dissipated rate due to the breaking
of H-bonds between water molecules and hydroxyl groups
can be described as,

Wi, = 2wLnogv(f)AEy,, &)

where AEy, is the energy required for breaking a single
H-bond, ngy is the number of hydroxyl groups on each gra-
phene wall, and the coefficient 2 means there are two chan-
nel walls. There is an alternative method to calculate Wy,
when the value of AEy, is not easy to obtain:

Wiy = F U (10)

@ Springer

in which F is the friction force between water molecules
and all the hydroxyl groups and ug, is the slip velocity at the
boundary. We speculate that Egs. (9) and (10) provide simi-
lar results. However, one may also regard that the H-bond
structures between water molecules and hydroxyl groups are
different from that among water molecules in the bulk water.
The calculation on the energy required for the H-bond break-
ing between a water molecule and a hydroxyl group needs
in-depth analysis.

Using Egs. (5—-10), we calculated the values of each
energy dissipation rate in the system and their proportions
in the total energy dissipation, as shown in Fig. 7. We can
find that the contribution from the frictional dissipation
between the water molecules and the pristine graphene
wall is extremely low. The main components are the vis-
cous dissipation and the H-bond breaking dissipation. The
proportions of these two components are inversely related
and compete with each other. At lower driving forces
[f=0.01 kcal/(mole A)], the energy dissipation caused by
H-bonds is the dominant component. At this moment, the
H-bond breaking dissipation accounts for 66% of the total
dissipation, which is the primary obstacle to the boundary
slip. However, as the driving force increases, the propor-
tion of H-bond dissipation decreases significantly, and the
viscous dissipation becomes the dominant component.

If there are no hydroxyl groups, the energy dissipation
at the channel wall just comes from the friction between
water molecules and the graphene surface. Under this cir-
cumstance, the energy balance Eq. (5) becomes:

[P_ lvis+ fre (11)
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Fig.7 The percentages of the three components in the total energy
dissipation under different driving forces: the viscous dissipation W,

the H-bond breaking dissipation Wy, and the frictional dissipation
Wfr
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By substituting the specific expressions for each energy
term, namely Egs. (6-8) into Eq. (11), and using the rela-

tionship between slip length & and slip velocity ug;, given
by Eq. (2), we can obtain the slip length:

n
6= .

7 (12)

The expression for the slip length has been widely
reported in the literature, which is used to calculate the slip
length in MD simulations (Bocquet and Barrat 2007; Falk
et al. 2010; Zhao 2012). Equation (12) indicates that the slip
length ¢ is a ratio between a liquid property (viscosity #) and
an interfacial property (friction coefficient 4). The friction
coefficient A can be obtained through the Green—Kubo equa-
tion in equilibrium molecular dynamics simulations (Falk
et al. 2010; Bocquet and Barrat 2013; Li et al. 2021).

When the channel wall surface is functionalized by
hydroxyl groups, the calculation of energy dissipation needs
to include the dissipation due to H-bond breaking. In this
case, the energy balance Eq. (5) includes three types of
energy dissipation. By substituting the specific expressions
for each energy component, we can obtain:

hPug, = LA(ug;,)” + LnogvAEys. (13)

slip

In the range of flow velocities considered in this study, we
can approximately assume that there is a linear relationship
between the slip velocity u;, and the H-bond breaking rate
v. A characteristic length dyy;, can be introduced:

dy, = —.
Hb " (14)

According to the linear fitting analysis of the MD simula-
tion results, we found that the value of dyy is approximately
4.7 A. Then by substituting the definition of slip length &
from Eq. (12) into Eq. (13), we can derive the expression
for slip length 6 that incorporates the influence of H-bond
breaking,

2noyAE
s="1(1_Zlou2me ) (15)
A dy,hP/L

From Eq. (15), it seems that when ngy = 0, it reduces
to Eq. (13). We can also learn that if the pressure gradient
induced by the driving force is extremely small at the begin-
ning of the flow, the slip length calculated from Eq. (15)
gives a negative value. We conjecture that in this case, the
energy dissipation caused by H-bond breaking becomes
the primary resistance to the boundary slip, resulting in a
slip length that approaches or equals zero. This type of slip
behavior is similar to the no-slip boundary condition or the
defect slip boundary condition (Martini et al. 2008), where
the definition of the characteristic length dyz may not be

applicable. As the pressure gradient gradually increases, the
negative impact of H-bonds on the slip length diminishes,
and the slip length increases. Then, the average slip velocity
and slip length of the interfacial water layer can be defined
and calculated using Eq. (15).

To illustrate the evolution of slip length with variations in
the surface functional group concentrations, we calculated
the two-dimensional distribution of interfacial slip veloc-
ity at the same driving force but different concentrations
of hydroxyl functional groups cyy on the graphene sur-
face, as shown in Fig. 8. The slip velocity is significantly
decreased for the water flows in the vicinity of hydroxyl
groups. A clear contrast in the boundary velocity is evident
when comparing the channel walls with no functional groups
and extremely low functional group concentration (coy = 0
and 0.4%). Even a tiny number of hydroxyl groups exert a
noticeable resistance, reducing the quite small slip velocity
of the interfacial water layer. As the ¢y increases to 5%, the
resistance affected by the hydroxyl groups spans the entire
wall surface region, resulting in significant decreasing of
the slip velocity.

The differences in the water velocity profiles along the
y-direction at different functional group concentrations.
Figure 9a presents the velocity distribution within channels
with different functional group concentrations at a driv-
ing force of f=0.05 kcal/(mol A). It can be observed that
both slip length and slip velocity decrease as the hydroxyl
group concentration increases. The inset of Fig. 9 depicts
the relationship between the slip velocity and the functional
group concentration. It can be seen that even adding a very
low concentration of functional groups (COH = 0.4%) on
the graphene wall can reduce the slip velocity by 32.5%.
This obstructive effect of functional groups has also been
observed in previous studies (Nair et al. 2012; Wei et al.
2014a). Furthermore, for different magnitudes of driv-
ing force, the obstruction on the boundary slip by a tiny
number of hydroxyl groups remains significant. Figure 9b
compares the case with a functional group concentration
of coy = 0.4% to the case without any functional groups at
different magnitudes of driving force. For example, at a driv-
ing force of f=0.01 kcal/(mol A), the slip velocity within a
smooth channel is approximately 2 m/s, but the presence of
a tiny number of hydroxyl groups (COH = 0.4%) reduces the
slip velocity to nearly zero.

Some studies in the literature suggest that the interaction
of surface functional groups with fluids includes both van
der Waals forces and H-bonding forces (Eslami et al. 2013;
Eslami and Heydari 2014). When studying the H-bonding
interaction separately, it is necessary to decouple these
two effects. The H-bond is a primarily electrostatic force
of attraction between a hydrogen atom and an electronega-
tive oxygen atom bearing a lone pair of electrons. So we
conducted new simulations, removing the charges of the

@ Springer
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Fig.8 a The graphene sheets with functional group concentration
con=0-5% and the corresponding flow boundary slip velocity distri-

sheets. b The distribution of water boundary slip velocity u, in the xy-
plane under driving force f=0.05 kcal/(mol A)
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Fig.9 a The profiles of water velocity u, at different concentrations of
hydroxyl groups under driving force f=0.05 kcal/(mol A). The insert

shows the boundary slip velocity u;, versus the hydroxyl concen-

functional groups on the channel walls and only consider-
ing the influence of van der Waals forces, effectively elimi-
nating the effects of electrostatic forces and H-bonds. Then
we calculated the slip velocity of water molecules near the
wall and the distribution of density on the xy-plane under a

@ Springer

tration coy. b The profiles of water velocity u, in the channel of the
functionalized walls (dashed line coy = 0.4%) and the pristine walls
(solid line) under different driving forces

driving force of f=0.03 kcal/(mol A). The results are shown
in Fig. 10. Comparing these results with the previous ones, it
is evident that after removing the influence of H-bonds, the
slip velocities across the entire plane significantly increased.
This increase is particularly noticeable near the functional
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Fig. 10 a Z-direction boundary slip velocity and b density distribution of water in the xz-plane are shown. Water flows between the channel
sheets with a functional group concentration of ¢ = 3% and under driving forces f=0.05 kcal/(mol A)

groups, where the slip velocity rose from~1.5 to~5.1 m/s.
In addition, the water molecule density above the functional
groups also increased, indicating a reduced hindrance effect
of the functional groups on water flow.

Furthermore, we also investigated the relationship
between the van der Waals and electrostatic forces, as
well as the total force, with respect to the oxygen—oxygen
atom distance d between individual water molecules and
single functional groups. Figure 11 illustrates the varia-
tion of van der Waals forces, electrostatic forces, and the
resultant total force as a function of d. It can be observed
that within the range of d =2.6-7 10%, electrostatic forces

consistently make a significant contribution to the total
force. Particularly, when water molecules and functional
groups form relatively stable H-bonds, roughly in the
range of ~2.8 A <d<~3.5 A, electrostatic forces domi-
nate the total force and serve as a crucial factor in H-bond
formation.

All these findings underscore the significance of elec-
trostatic forces within the functional groups and their inter-
action in forming H-bonds, emphasizing their profound
impact on the motion of water molecules. This also high-
lights the pivotal role of H-bond interactions in boundary
slip. While van der Waals forces have always been crucial in

@ Springer
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Fig. 11 The different types of forces between a water molecule and
a hydroxyl group on the graphene sheet, in relation to the distance d
between oxygen atoms

intermolecular interactions, especially in cases of extremely
close molecular distances, the influence of H-bond forces
induced by functional groups on boundary slip should not
be underestimated.

4 Conclusion

In summary, we investigated the influence of hydroxyl-
functionalized graphene nanochannel surfaces on the bound-
ary slip, particularly concerning the dynamics of H-bonds
formed between the hydroxyl groups and water molecules.
We calculated the velocity of water molecules within the
interfacial layer. The results show that functional groups
significantly hinder the slip motion of nearby water mol-
ecules. At low driving forces, the water layer near the pris-
tine region exhibits significant slip while the water layer near
the functionalized region is difficult to slip. Furthermore,
we analyzed the entire process of the boundary slip from
an energetic perspective. At the interface, water molecules
form H-bonds with functional groups on the wall surface.
These H-bonds continuously form and break during the flow,
resulting in energy dissipation. At the start of the slip, the
energy required for water molecules to break the interfa-
cial H-bonds is the primary dissipation mechanism. The
frequency of H-bond breaking increases with the applied
driving force. Finally, we propose a theoretical model for
slip velocity based on energy balance that considers the
influence of H-bond dynamics. At low driving forces, the
slip is primarily influenced by H-bonds. As the driving force
increases, the calculated slip length gradually transitions to
the Navier slip length. Our research findings highlight that

@ Springer

the presence of low concentrations of functional groups has
a greater impact on the flow behavior than expected.
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