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ABSTRACT: Fundamentally understanding the gas−liquid interaction in a nano-
environment is important in nanofluidics-based systems. Here, a systematically
experimental study of the gas diffusion in a liquid phase confined in hydrophobic
nanopores is presented. By holding a liquid nanofoam (LN) system at different pressure
levels for various time durations, the gas diffusion behavior is quantified by analyzing the
degree of liquid outflow from the hydrophobic nanopores. The results show that the gas
diffusion progress exhibits an exponentially decaying rate. In addition, distinct from the
bulk case, pressure poses a pronounced effect on the gas diffusion in the nanoconfined
liquid. These findings extend the knowledge of gas−liquid interactions in nanofluidics-
based systems.

1. INTRODUCTION
Understanding the gas−liquid interaction in a nanoenviron-
ment is of great importance to a number of natural and
technical processes, such as shale gas exploitation,1,2 gas-
diffusion electrodes,3,4 geological carbon dioxide (CO2)
sequestration,5,6 and gas−liquid membrane contactors.7,8 The
dissolved gas diffusion in a pressurized liquid confined in a
nanoenvironment plays a key role in these processes. In
nanopores with characteristic pore sizes comparable to those of
gas and liquid molecules, the classic diffusion theories break
down. For instance, the gas solubility in a nanoconfined liquid
is much higher than that in a bulk liquid and has been observed
in various gas−liquid combinations, including CO2, H2, or
CH4 dissolved in water, n-hexane, or ethanol confined in
nanoporous silica, MCM-41, and SBA-15.9−12 This gas
oversolubility significantly affects the gas diffusion behavior
in a confined nanoenvironment. Besides, the pressure effect on
gas diffusion in the bulk liquid is negligible due to the
incompressible mean free path of bulk liquid molecules,13,14

while pressure change results in condensation of liquid
molecules15,16 and gas clusters17 under a hydrophobic
nanoconfinement. These density changes pose a noteworthy
impact on the nanoscale gas diffusion process. Li et al.18 have
found that the characteristics of CO2 diffusivity in water under
a nanoconfinement are different from those of its bulk
counterpart through molecular dynamics (MD) simulation.
However, despite the importance of gas diffusion in a
nanoconfined liquid, an elucidation of the time- and
pressure-dependent diffusion process is currently lacking and
experimental studies, which suffered from the technical
challenges at the nanoscale, are still scarce.
A recently developed nanofluidics-enabled energy absorp-

tion system, referred to as a liquid nanofoam (LN),19−22 is a
potential platform to experimentally investigate the gas

diffusion behavior in a nanoconfined liquid. LN is composed
of a hydrophobic nanoporous medium and a non-wetting
liquid phase. The nanopores are initially filled with gas
molecules as their hydrophobic surface inhibits the entering of
liquid molecules. When the LN system is pressurized to a
critical value, the liquid molecules infiltrate into the nanopores
and dissolve all the gas molecules. This liquid infiltration
process is a novel energy mitigation mechanism with an
unprecedented energy absorption efficiency (∼100 J/g), nearly
2 orders of magnitude higher than those of traditional
materials.19,23 As the pressure is removed, the spontaneous
liquid outflow from the hydrophobic nanopores is driven by
the gas−liquid interaction.21,24 It has been demonstrated that
the degree of liquid outflow reduces with the increase in the
amount of gas escaped from the nanoconfined liquid to the
bulk liquid phase.25,26 Previous studies on this gas transfer
from the nanophase to the bulk phase are focused on
advection, while the gas diffusion is ignored due to the
relatively short time duration of the liquid outflow process. In
the current study, the gas diffusion from the nanophase to the
bulk phase is thoroughly studied by holding the infiltrated
liquid molecules in the hydrophobic nanopores at different
peak pressures with variable time durations. The time- and
pressure-dependent nanoconfined gas diffusion is then
characterized by the macroscopic liquid outflow behavior of
LN.

Received: December 20, 2020
Revised: February 4, 2021
Published: March 5, 2021

Articlepubs.acs.org/JPCC

© 2021 American Chemical Society
5596

https://dx.doi.org/10.1021/acs.jpcc.0c11318
J. Phys. Chem. C 2021, 125, 5596−5601

D
ow

nl
oa

de
d 

vi
a 

M
IC

H
IG

A
N

 S
TA

TE
 U

N
IV

 o
n 

A
pr

il 
20

, 2
02

1 
at

 1
9:

32
:0

2 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lijiang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingzhe+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weiyi+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.0c11318&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11318?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11318?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11318?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11318?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c11318?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/10?ref=pdf
https://pubs.acs.org/toc/jpccck/125/10?ref=pdf
https://pubs.acs.org/toc/jpccck/125/10?ref=pdf
https://pubs.acs.org/toc/jpccck/125/10?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c11318?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


2. MATERIALS AND METHODS
2.1. Materials and Sample Preparation. The nano-

porous material used in the LN system was a hydrophobic
silica gel (Fluka 100 C8, Sigma-Aldrich). The material was in
the powder form, with a particle size of 40−63 μm. The
average pore size, nanopore volume, and Brunauer−Emmett−
Teller (BET) surface area were 8.0 nm, 0.43 cm3/g, and 227.4
m2/g, respectively, measured using a surface area and porosity
analyzer (ASAP 2020, Micromeritics). The liquid phase in the
LN system was a 3.0 M sodium chloride (NaCl) aqueous
solution.
The LN samples were prepared by sealing 0.2 g of the

hydrophobic silica gel and 0.9 mL of the 3.0 M NaCl aqueous
solution in a stainless-steel cell with two O-ring-equipped
pistons, as depicted in Figure 1. The diameter of the piston, d,

was 19 mm. The length of all the LN samples was the same,
indicating that the amount of air in the LN samples was a
constant.16 A detailed description of sample preparation is
given elsewhere.27

2.2. Pressure-Induced Liquid Infiltration Test. All
experiments were conducted at 35 °C in a temperature
chamber (Mode 3119−606, Instron). The LN sample sealed in
the testing cell was placed on a platen of a universal tester
(Mode 5982, Instron). The loading speed of the compression
test was 2 mm/min. As the compression progressed, the force
F increased and the hydrostatic pressure P = 4F/πd2 was built
up in the testing cell and exerted on the LN sample. As F
reached the preset peak value Fmax, the Instron load cell was
moved back at the same speed. When the load cell returned to
its original position, the first loading−unloading cycle was
completed. This loading−unloading process was consecutively
repeated at least five times for each LN sample. The specific
volume change of the LN sample was calculated as V = Δ·πd2/
4m, where Δ and m were the measured displacement of the
piston and the mass of the nanoporous silica gel, respectively.
2.3. Peak-Pressure-Holding Liquid Infiltration Test.

To study the time and pressure dependence of gas diffusion
behavior in the nanoconfined liquid, a peak-pressure-holding
test was designed. After the completion of the first loading−
unloading cycle, the LN sample was compressed to Fmax at the
same loading speed. Then, the LN sample was held at Fmax for
a certain time duration, th, before the load cell was moved back
at the same speed in the second cycle. Immediately after the
second cycle, a third loading−unloading cycle without holding
was applied to characterize the change in the degree of liquid
outflow. LN samples with the same composition were held at
Fmax = 17 kN, corresponding to a system peak pressure of 60
MPa, for 1.5, 3, 6, 9, 12, and 15 h. For each holding condition,
at least three samples were tested. To investigate the pressure

effect on the gas diffusion behavior, another series of peak-
pressure-holding tests were performed at Fmax = 43 kN,
equivalent to a system peak pressure of 150 MPa.

3. RESULTS AND DISCUSSION
3.1. Pressure-Induced Liquid Infiltration Tests (th = 0).

Figure 2 shows typical consecutive loading−unloading cycles

of the LN sample without the peak-pressure-holding process.
From the third loading−unloading cycle, the curves are
identical to that in the second cycle. For clarity, only the
first three consecutive loading−unloading cycles are shown
here. Under ambient conditions, the surface energy barrier of
the hydrophobic nanopore surface prevents the liquid flowing
into the nanopores and the nanopores are initially filled with
air, as illustrated in Figure 1. When the system pressure
increases, the initial mechanical response of the LN system is
elastic with a relatively high bulk modulus. As the system
pressure reaches a critical value, the system bulk modulus is
reduced considerably and a pressure plateau with a large
volume change is formed. This dramatic volume change is due
to the liquid infiltration into the nanopores. The initial
pressure of the plateau, namely, the liquid infiltration pressure,
is governed by the classic Laplace−Young equation as Pin =
2Δγ/r = 19 MPa, where Δγ is the excessive solid−liquid
interfacial tension and r is the nanopore radius. With the
increased system pressure, the gas molecules outside the
nanopores are fully dissolved by the bulk liquid phase based on
Henry’s law, while the gas molecules inside the nanopores are
fully dissolved by the confined liquid phase based on Henry’s
law and gas oversolubility.25,28,29 When all the nanopores are
filled with the liquid, the slope of the loading curve increases to
a value slightly higher than its initial bulk modulus due to the
reduced liquid amount outside of the nanopores. The
accessible nanopore volume is determined by the width of
the pressure plateau L1 (Figure 2). The starting point of the
infiltration plateau is defined as the point at which the slope of
the loading curve is reduced by 50%, and the ending point is
defined as the point at which the slope of the unloading curve
is reduced by 50%.30 The measured L1 (0.396 ± 0.004 cm3/g)
is almost the same as the nanopore volume measured by gas
adsorption analysis, indicating that all the nanopores are
invaded and fully filled by the liquid molecules during the
pressure-induced liquid infiltration tests. The slight difference
is due to the van der Waals distance between the liquid
molecules and the hydrophobic surface of nanopores.31

Upon unloading, the pressure drops quickly with a slope
similar to the initial elastic loading one. As the system pressure

Figure 1. Schematic of an LN sample sealed in a testing cell with two
pistons.

Figure 2. Typical consecutive loading−unloading curves of the LN
sample in the pressure-induced liquid infiltration test without the
peak-pressure-holding process.
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decreases to 10 MPa, the slope reduces and forms another
pressure plateau, suggesting that the confined liquid as well as
the dissolved gas molecules flows out from the hydrophobic
nanopores. Simultaneously, with the reduced system pressure
and the amount of liquid molecules confined in the nanopores,
the gas molecules preserved in the nanopores precipitate out
from the nanoconfined liquid and occupy the nanopore
volume. The precipitated gas molecules are fully dissolved
again when the liquid molecules infiltrate into the nanopores in
the next loading process.
In the second cycle, the accessible nanopore volume L2 is

much reduced (Figure 2), indicating that only a part of the
intruded liquid flows out of the nanopores during the
unloading process in the first cycle. The variation in Pin is
due to the partial liquid outflow and the pore size distribution
of the silica gel. The degree of liquid outflow in the Nth cycle is
determined as LN+1/LN. As shown in Figure 2, the degree of
liquid outflow in the first cycle is 62.5%. From the second
cycle, a 100% liquid outflow suggests that the LN system works
as a stable energy absorber under consecutive loading−
unloading conditions. The 100% liquid outflow from the
second cycle decouples the gas−liquid interaction from
liquid−solid interfacial tension and provides a baseline to
further study the gas diffusion process in the nanopores.
3.2. Peak-Pressure-Holding Tests (th > 0). To study the

unique gas diffusion behavior in the confined nanoenviron-
ment, LN samples are held at the peak pressure at the end of
the second loading process. Figure 3a shows the loading−

unloading curves of an LN sample with a 3 h holding time. The
first cycle and the loading curve of the second cycle are exactly
the same as those in liquid infiltration tests without holding
time. In the third cycle, the reduction in the plateau width
indicates a much-reduced degree of liquid outflow during the
unloading process of the second cycle.
As demonstrated in our previous studies,21,25,26 the liquid

outflow from hydrophobic nanopores is dominated by both the
excessive solid−liquid interfacial tension and the gas−liquid

interaction in the nanopores during the unloading process. In
all the liquid infiltration tests with or without the peak-
pressure-holding process, the same liquid phase as well as the
nanopore surface properties ensures a constant excessive
solid−liquid interfacial tension. Thus, the much-reduced
degree of liquid outflow is attributed to a time-dependent
gas−liquid interaction during the peak-pressure-holding
process, which promotes the gas to escape from the
hydrophobic nanopores.
In the infiltration tests without the peak-pressure-holding

process (th = 0), the gas escape includes gas advection and gas
diffusion from the nanopores to the bulk liquid during the
unloading process. Given the unloading process completes in
seconds, the amount of gas diffusion from the nanopores to the
bulk liquid (a relatively slow process) can be ignored. The
negligible gas diffusion is also validated by the same loading−
unloading curves in the second and third cycles in Figure 2.
Otherwise, a reduced L3 should be observed. The gas
advection describes the dissolved gas flowing out with the
liquid and is proportional to the transfer velocity and total gas
amount in the nanoconfined liquid. Since the system volume
recovery speed (2 mm/min) and the unloading curves of the
second and third cycles are the same, the initial transfer
velocity of all LN samples is nearly the same. Therefore, the
amount of gas molecules which escaped from the nanopores
through advection is estimated as

n na 0α= · (1)

where n0 is the total amount of gas molecules dissolved in the
nanoconfined liquid before the onset of the unloading process
and α is ratio of the advected gas amount to the total gas
amount. The amount of gas molecules preserved in the
nanopores is

n n(1 )t
p

0
0

h α= − ·=
(2)

While in the infiltration tests with the peak-pressure-holding
process (th = 3 h), the gas outflow includes the gas diffusion
during the holding process and the gas advection during the
unloading process. The amount of gas diffusion is denoted as
nd. The residual amount of gas molecules before the onset of
the unloading process is nr = n0 − nd. Consequently, the
amount of gas molecules preserved in the nanopores is
estimated as

n n(1 )t
p

0
r

h α= − ·>
(3)

By comparing eqs 2 and 3, the amount of preserved gas
molecules in the nanopores is reduced due to the gas diffusion
during the peak-pressure-holding process. As the degree of
liquid outflow is positively related to the amount of preserved
gas molecules in the nanopores,25,26

n
n

n

n
L
L

t

t

t
r

0

p
0

p
0

3
0

2

h

h

h

= ≈
>

>

>

(4)

Please note that n0 is a constant as the nanopore volume,
peak pressure, and initial gas content sealed in the testing cell
are all constants for all the LN samples. As shown in Figure 3b,
L3

t
h
>0 gradually decreases with increased holding time, which

demonstrates the time-dependent gas diffusion process from
the nanoconfined liquid phase to the bulk liquid one.

3.3. Pressure Effect on Gas Diffusion in Nanopores.
To further study the effect of holding pressure on the behavior

Figure 3. Typical loading−unloading curves of (a) LN sample with
the 3 h peak-pressure-holding process and (b) third loading−
unloading cycle of LN samples with various holding times.
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of gas diffusion from the nanoconfined liquid phase to the bulk
one, the peak pressure of the infiltration tests is increased from
60 to 150 MPa. Figure 4 shows typical loading−unloading

curves of 3 h peak-pressure-holding tests at different peak
pressures. As L2 is insensitive to the pressure increase, the
excessive solid−liquid interfacial tension as well as the
preserved gas molecules is identical for the LN system and
independent of the peak pressure under continuous liquid
infiltration testing cycles. After the peak-pressure-holding
process in the second cycle, L3

150MPa < L3
60MPa demonstrates

the promoted gas diffusion rate at a higher holding pressure.
This pressure effect on gas diffusion in the nanoconfined

liquid is not seen in the bulk liquid. In continuous theory, as
described by Fick’s second law, the diffusion rate is
proportional to the diffusivity and the curvature of the
concentration profile. According to the Wilke−Chang
equation,32 diffusivity is related to the density, molecular
weight, and viscosity of the solvent, all of which are insensitive
to pressure change. Therefore, the pressure effect on gas
diffusion in the bulk liquid is negligible, which has also been
demonstrated by both experimental and numerical studies.14,33

Given that the diffusion path in the nanoporous particles
and the initial gas concentration are the same for all LN
samples before the onset of peak-pressure-holding, the pressure
effect on gas diffusion is due to the enhanced diffusivity in the
nanoenvironment. The enhanced diffusivity is attributed to the
allocation of liquid and dissolved gas molecules in the
hydrophobic nanopores. Under the hydrophobic nanoconfine-
ment, gas molecules tend to be co-adsorbed with liquid
molecules on the hydrophobic nanopore wall.34 As a result, the
gas molecules are enriched in the adsorption layer, leading to
the oversolubility of gas molecules,18,35 which is much higher
than the gas solubility around the center of the nanopores or in
the bulk liquid phase (the green profile in Figure 5). This

oversolubility endows the adsorption layer to uptake more gas
molecules than the nanopore center. In addition, as the system
pressure increases, the spacing between the gas molecules is
reduced and the system free energy is enhanced. The
accumulation of gas molecules in the adsorption layer is
energetically favorable and further promoted. Consequently,
the gas concentration near the nanopore wall increases with
the applied pressure, while the gas concentration at the
nanopore center and in the bulk liquid phase is insensitive to
the pressure increase (the red profile in Figure 5). This
pressure-dependent gas concentration gradient between the
adsorption layer in the hydrophobic nanopores and the bulk
liquid phase leads to a higher gas diffusion rate.

3.4. Quantification of the Time- and Pressure-
Dependent Gas Diffusion in the Nanoenvironment.
Since n0 is a constant, the gas diffusion during the peak-
pressure-holding process can be simplified as the drive-in
deposition. The concentration of gas molecules in this type of
diffusion decays exponentially.36 Therefore, to model the
residual gas amount in the nanopores, exponential decay is
applied as

n n
n n

t
expr

0 τ
−
−

= −∞

∞ (5)

where n∞ is the residual gas amount in the hydrophobic
nanopores after the infinite holding process and τ is a constant.
As the experimental results cannot quantify the distribution

of gas molecules along the nanopore depth, this simplified
model is only capable of estimating the total amount of gas
which retained in and flew out from the nanopores. Table 1
summarizes the experimental measurement of the degree of
liquid outflow. Figure 6 shows the residual gas in the
nanopores as a function of time under different peak pressures.
By fitting the experimental data, the parameters used in eq 5

are listed in Table 2. The residual gas amount shows a clear
exponential decay trend. The time constant τ under 150 MPa
is 3.3 h and much smaller than that under 60 MPa, indicating
an enhanced gas diffusion rate under high pressure. The
amount of residual gas in the nanopores after infinite diffusion
time converges to a smaller value when the holding pressure is
higher. This is attributed to the higher sensitivity of the gas
oversolubility in the nanoconfined liquid phase to pressure
increase, which facilitates the gas diffusion from the nano-
confined liquid phase to the bulk one. Both τ and n∞ reveal
that the rate of dissolved gas diffusion out from hydrophobic
nanopores is promoted by pressure. The convergence of the
amount of residual gas in the nanopores also indicates that the
gas molecules in the confined liquid and bulk liquid reach
equilibrium and no further net gas diffusion occurs. A longer
peak-pressure-holding process will lead to stabilized cyclic
behavior.

4. CONCLUSIONS
In this work, we have investigated the dissolved gas diffusion
from hydrophobic nanopores to the bulk liquid in an LN
system by experimentally quantifying the change in the degree
of liquid outflow. It has been found that as the holding time
increases, the gas diffusion progresses exhibiting an exponen-
tially decaying rate. In contrast to continuous theories, pressure
has a prominent effect on the nanoscale gas diffusion. As
pressure increases, the gas diffusion process from the
nanoconfined liquid to the bulk liquid is significantly

Figure 4. Typical loading−unloading curves of LN samples in 3 h
peak-pressure-holding liquid infiltration tests with different peak
pressures.

Figure 5. Schematic of the pressure effect on dissolved gas diffusion
from the hydrophobic nanochannel to the bulk liquid.
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promoted. The pressure effect is related to the gas over-
solubility and uneven distribution of gas and liquid molecules
caused by the hydrophobic nanoconfinement. These findings
extend the knowledge of the dissolved gas diffusion in a
nanoenvironment and will guide the future design of CO2
sequestration and shale gas extraction systems.
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