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The application of high pressure favors many chemical processes, providing higher yields or improved
rates in chemical reactions and improved solvent power in separation processes, and allowing activation
barriers to be overcome through the increase in molecular energy and molecular collision rates. High
pressures—up to millions of bars using diamond anvil cells—can be achieved in the laboratory, and lead
to many new routes for chemical synthesis and the synthesis of new materials with desirable thermody-
namic, transport, and electronic properties. On the industrial scale, however, high-pressure processing is
currently limited by the cost of compression and by materials limitations, so that few industrial processes
are carried out at pressures above 25 MPa. An alternative approach to high-pressure processing is pro-
posed here, in which very high local pressures are generated using the surface-driven interactions from
a solid substrate. Recent experiments and molecular simulations show that such interactions can lead to
local pressures as high as tens of thousands of bars (1 bar = 1 � 105 Pa), and even millions of bars in some
cases. Since the active high-pressure processing zone is inhomogeneous, the pressure is different in dif-
ferent directions. In many cases, it is the pressure in the direction parallel to the surface of the substrate
(the tangential pressure) that is most greatly enhanced. This pressure is exerted on the molecules to be
processed, but not on the solid substrate or the containing vessel. Current knowledge of such pressure
enhancement is reviewed, and the possibility of an alternative route to high-pressure processing based
on surface-driven forces is discussed. Such surface-driven high-pressure processing would have the
advantage of achieving much higher pressures than are possible with traditional bulk-phase processing,
since it eliminates the need for mechanical compression. Moreover, no increased pressure is exerted on
the containing vessel for the process, thus eliminating concerns about materials failure.

� 2018 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. A new green route to high-pressure manufacturing

Pressure is a fundamental thermodynamic variable that has the
potential to control and enhance the manufacture of chemicals and
solid materials with a wide range of desired properties. High pres-
sures are necessary in many manufacturing processes in the chem-
ical, oil and gas, food, pharmaceutical, agrichemicals, and materials
industries. Such compression is often required to achieve satisfac-
tory yields and rates in chemical reactors and solvent power in
separations, and for the synthesis of novel, high-pressure materi-
als. Familiar examples are the Haber process to produce ammonia
(typically 15–25 MPa); the manufacture of methanol from syngas
(usually 5–10 MPa); high-pressure hydrogenation, carbonylation,
and amination reactions (to 1.5 MPa); the synthesis of pharmaceu-
ticals; and supercritical gas extraction and reaction (7–40 MPa). In
conventional processing, these pressures are achieved through the
compression of a bulk phase. However, such compression is expen-
sive, because of both the thermodynamic work required and the
need to develop multistage pumps that can withstand these pres-
sures. As a result, high-pressure industrial processes seldom
exceed a pressure of about 25 MPa (250 bar), largely due to
materials limitations. Since the pressure exerted on the walls of
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Fig. 1. Top view of a monolayer of Lennard–Jones (LJ) argon (Ar) atoms adsorbed on
a graphite surface (not shown) lying in the xy plane, from molecular simulation,
showing strong compression in the plane parallel to the surface. Neighboring
molecules (gray color) are separated by 3.14 Å, much less than the separation
(3.405 Å) when the pair force between two neighboring molecules is zero and no
compression occurs (white circles) [28].
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the containing vessel is the same as that felt by the molecules to be
processed, much higher pressures lead to equipment failure.
Higher pressures (up to millions of bars using diamond anvil cells)
can be studied in the laboratory, which makes possible the
synthesis of many chemicals and materials using novel reaction
mechanisms [1]. However, industrial-scale production using
conventional approaches to compression is not practical.

In traditional high-pressure processing, the fluid is uniform and
the pressure is a scalar constant throughout, equal in all directions.
The pressure, P = PK + PC, consists of a kinetic contribution due to
molecular motion (PK = RT/V, the ideal gas value) and a configura-
tional part, PC, due to intermolecular forces and the action of any
external fields. Unless the temperature is very high, the configura-
tional contribution is usually the dominant one (typically 80%–90%
of the total pressure at condensed matter temperatures). This sug-
gests that it must be possible to create high pressures through the
application of an external field that exerts significant forces on the
molecules. Such a field would create inhomogeneity in the fluid, so
that the pressure would then be a second-order tensor, dependent
on both the direction of the force and the direction of the surface
that it acts on. In the high-pressure processing proposed here,
the interaction field exerted by the surface of a solid substrate on
an adsorbed phase that wets the substrate is of particular interest.

There is much recent experimental evidence that the molecules
in a fluid or solid film adsorbed on a solid substrate can experience
strong compression in the lateral direction parallel to the solid sur-
face, due to the strong attractive forces provided by the substrate.
This compression is a surface-driven high-pressure effect. Such
compressionhas been observedby direct in situ experiments; exam-
ples includemeasurements of the area of substrate surface occupied
permolecule [2–5], X-ray diffraction (XRD) [6], low-energy electron
diffraction [7–9], microcalorimetry measurements [10], atomic
force microscopy, and Raman spectroscopy [11–14]. Most of these
works reported compression corresponding to pressures ranging
from 1 to 10 GPa on the adsorbate molecules near the surface of
the substrate. Compression in the adsorbed surface layers has also
been observed inmolecular simulations [15–28]. In the simulations,
the pressure components normal and parallel (i.e., tangential pres-
sure) to the substrate surface can be measured separately. Even
for small adsorbatemoleculeswith only simple vanderWaals forces
(e.g., noble gases, nitrogen, andmethane), the tangential pressure is
found to be greatly enhanced over the bulk-phase pressure, pro-
vided that the adsorbate wets the solid surface; the value depends
on the nature of the substrate and the distance from the solid wall.
For carbon substrates, these pressures often range from 0.5 to 8 GPa
when the bulk phase in equilibriumwith the adsorbed layer is at 0.1
MPa pressure—an enhancement of four or five orders of magnitude.
It shouldbe noted that these high tangential pressures are parallel to
the surface, and exert no force on thewall itself. The normal pressure
does exert force on the wall, but is much smaller, and can be either
positive or negative [21]. Such compression is particularly evident
for solid substrates with a high surface atomic density [28], such
as carbons, as shown in Fig. 1.

These recent results suggest that it should be possible to design
high-pressure nano-reactors to synthesize chemicals and materials
that require pressures much greater than those that can be used in
conventional manufacturing processes. These high pressures occur
locally near the substrate surface. Although the high-pressure reac-
tor region may extend over distances of only a few nanometers
from the surface in the case of simple van der Waals forces (larger
if electrostatic forces are also present), the total reaction volume
can be relatively large since activated carbons typically have
surface areas of 1000–2000 m2�g�1 or more (see discussion in Sec-
tion 6). Further research is needed to provide sufficient fundamen-
tal understanding of these surface-driven high-pressure effects to
guide the design of such transformational manufacturing methods.
2. The local pressure in thin adsorbed films

Pressure is the force per unit area that acts on a surface element.
In a bulk homogeneous isotropic phase, pressure is a scalar and is
the same in all directions and all positions. However, if the phase is
inhomogeneous, for example due to the presence of a solid sub-
strate, the forces—and hence the pressure—are different in differ-
ent directions; the pressure also depends on the direction of the
surface on which it acts. The pressure is thus a second-order ten-
sor, P, having nine components in general; the component Pab is
the force per unit area in the b direction acting on a surface point-
ing in the a direction. For substrate surfaces of simple geometry,
such as planar, cylindrical, or spherical surfaces, the off-diagonal
elements of the pressure tensor (e.g., Pxy, the pressure in the y
direction acting on a surface pointing in the x direction) vanish,
provided that the system is not under strain, leaving only three
non-vanishing diagonal elements. Thus, for a planar substrate sur-
face or a slit pore (Fig. 2(a)), the pressure tensor is as follows:

P ¼
Pxx Pxy Pxz

Pyx Pyy Pyz

Pzx Pzy Pzz

2
64

3
75 ¼

PT 0 0
0 PT 0
0 0 PN

2
64

3
75 ð1Þ

where PT = Pxx = Pyy is the tangential pressure parallel to the sub-
strate surface (the xx and yy components are equal by symmetry)
and PN = Pzz is the pressure normal to the substrate surface.

The condition of hydrostatic equilibrium (also known as
mechanical equilibrium) states that once the system has reached
equilibrium, there is no net transfer of momentum across the inter-
face between the solid substrate and the adsorbed phase. This
leads to the following condition [29,30]:

r � P ¼ �qðrÞrvðrÞ ð2Þ
where q(r) is the density of molecules (number per unit volume) at
position r, and v is the external field acting at r. In the cases to be
considered here, the only external field is gravity, which is negligi-
ble compared with the other forces present, so Eq. (2) can be
written as follows:



Fig. 2. (a) A slit-shaped carbon pore with three graphene layers in each wall, showing the normal, PN, and tangential, PT, pressures, and the surfaces they act on; (b) a
cylindrical pore, showing the normal pressure, the two tangential pressures, and the equations of hydrostatic equilibrium.
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r � P ¼ 0 ð3Þ
Eq. (3) provides three conditions on the components of the

pressure. For the planar surface, assuming the surface to lie in
the xy plane, with z normal to the surface, these conditions are that
PT is independent of both x and y (as expected from symmetry),
while the normal pressure obeys the following:

dPN

dz
¼ 0 ð4Þ

Thus, the normal pressure is a constant for a given system, inde-
pendent of the distance z from the surface of the substrate.

For a cylindrical interface, such as that of a cylindrical pore
(Fig. 2(b)), the pressure tensor has three diagonal components:
one normal to the pore wall, PN = Prr, and two parallel to the pore
wall (the tangential components), PTz = Pzz and PT/ = P//, where
(r, z, /) are the usual cylindrical polar coordinates. The equations
resulting from the condition of hydrostatic equilibrium [31], given
in Eq. (3), are shown in Fig. 2(b), and state that PT/ and PN are
related by a first-order differential equation, while PT/ is
independent of the azimuthal angle, /, and PTz is independent of
the z coordinate. These latter two conditions are expected from
symmetry. The first-order equation linking the normal pressure
with the tangential pressure in the / direction shows that there
are actually only two independent pressures in cylindrical geome-
tries, PN and PTz.

3. Defining effective pressures in inhomogeneous phases

The conventional route to calculate the local pressure at a point
r in the confined nano-phase is the so-called virial or mechanical
route, in which one adds up the intermolecular forces acting on a
surface element and divides by the area [29,30]; for pair additive
potentials, this gives:

PðrÞ ¼ qðrÞkBT1� 1
2

X
i–j

@uðijÞ
@rij

Z
Cij

d~ld r �~l
� �* +

ð5Þ

where u(ij) is the pair potential between molecules i and j; Cij is any
arbitrary contour connecting the center of mass of molecule i, ri, to
the center of mass of molecule j, rj, where rij = rj � ri; kB is the Boltz-
mann constant; T is temperature; 1 is the unit tensor; d(�) is the
Dirac delta function; and <�> represents an ensemble average.

The first term on the right side of Eq. (5) is the ideal gas pres-
sure, due to the kinetic energy of the molecules, while the second
term on the right is the part of the pressure due to intermolecular
forces. The pressure at a point r depends to some extent on the
choice of contour Cij, with that of Irving and Kirkwood (IK) being
a common choice [32]. With the IK choice, the contour is a straight
line joining the centers of molecules i and j; if this line intersects
the element of area, the force contributes to the pressure. This
non-uniqueness in the definition of the pressure at the nanoscale
arises because the forces act between pairs (or triplets, etc.) of
molecules, and there is no unique way to assign them to a specific
point r in space. In calculating or measuring the pressure at the
nanoscale, it is necessary to make an operational definition of P,
as was done by IK. We can regard such pressures as approximate
effective pressures acting in a particular direction. When averaged
over a suitably large distance, such local effective pressures should
give well-defined unique values, independent of the operational
definition used [29,30]. It should be noted that for the particular
case of a planar surface, the normal pressure, PN, is uniquely
defined, even though the tangential pressure, PT, is not. This fol-
lows from Eq. (5), which implies that PN near the substrate surface
has the same value as PN far from the surface.

An alternative to the virial route is the ‘‘thermodynamic” route
[25], which involves making small perturbations in the volume by
an amount, DV; the length is perturbed in the a direction, keeping
the other dimensions, Lb, constant. The pressure component Paa is
as follows:

PV
aa ¼ � @A

@V

� �
N;T;Lb–a

¼ qkT � kT
DV

ln exp
�DU
kT

� �� �
N;T;Lb–a

ð6Þ

where A is the Helmholtz energy, DU is the change in configura-
tional energy due to the small volume perturbation, and the ensem-
ble average is over the unperturbed system. The thermodynamic
route offers an advantage over the virial route in that it is much
easier to include three-body and higher effects in the force field
using a thermodynamic route.

In addition to the virial and thermodynamic routes to P, it is
possible in some cases to use a third route to the pressure that is
based on relating the structure of the adsorbed layers to two-
dimensional (2D) or one-dimensional (1D) equations of state
(EOSs), for slit pores and cylindrical pores, respectively. The advan-
tage of this approach is that since the 2D and 1D systems are uni-
form, the pressure is well-defined, as it is in any three-dimensional
(3D) uniform system. We have carried out initial tests of this route
for the 2D case. The adsorbed layers near the wall are quasi-2D for
slit pores (Fig. 3). During the simulation, the positions of the cen-
ters of the molecules in a given layer can be projected onto a
strictly 2D plane, and the 2D density can be recorded; if an EOS
is available for the 2D system, there will be a 2D pressure corre-
sponding to the 2D density. This can be used to estimate the effec-
tive tangential pressure in the 3D slit pore system by dividing the
2D pressure by an appropriate length, such as the width of the den-
sity peak at half height [33]. The 2D density of these adsorbed lay-
ers is extremely high due to the compression—up to twice the
density at the melting point. We have developed a highly accurate
2D EOS for the Lennard–Jones (LJ) system at these high densities



Fig. 3. (a) Comparison of the conventional 3D IK route and the 2D route to the
tangential pressure for LJ Ar in a slit pore three molecular diameters in width at the
boiling point of Ar (87.3 K, 1 bar (1 bar = 1 � 105 Pa) bulk pressure). Here, aw is
the microscopic wetting parameter (see Section 5 for definition). (b) Front view of
two adsorbed layers in a slit pore three molecular diameters in width with aw = 10.
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[33], and have used it to estimate the effective tangential pressures
for a wide range of wetting parameters and pore widths. The
resulting values of PT from this ‘‘2D route” are in quite good agree-
ment with those from the virial route, usually within 10%–20% (see
Fig. 3(a)).
4. Experimental evidence for surface-driven high pressures

Thus far, experimental techniques to directly measure the pres-
sure near the surface of a solid substrate have not been developed.
It is possible to measure the normal pressure, PN, acting on the sub-
strate surface itself since it causes structural changes in the sub-
strate material (e.g., changes to the pore width or interlayer
spacing) that can be seen in XRD or neutron diffraction [21,34].
For planar surfaces, PN is a constant that is independent of the dis-
tance z from the surface, but this is not the case for curved surfaces
(see the conditions of hydrostatic equilibrium for cylindrical sur-
faces in Fig. 2(b)). However, compression of the molecules near
the solid surface has been directly observed in situ in adsorption
measurements of the area occupied by a molecule [2–5],
microcalorimetry measurements [10], XRD [6], and low-energy
electron diffraction [7–9]. These compression effects are most evi-
dent for solid substrates with a high surface atomic density, such
as carbons.

In addition to these direct observations of molecular compres-
sion near a solid surface, there is much indirect evidence of high
pressures in such surface films; experimental studies reveal high-
pressure phases forming in nano-pores and high yields for chemi-
cal reactions carried out in nano-pores or on surfaces, even though
such yields require very high pressures when the reactions are car-
ried out in the bulk phase. Some examples of this type are dis-
cussed below.

4.1. High-pressure phases forming in nano-pores

High-pressure phases have often been observed to form in
nano-porous materials even though the bulk phase in equilibrium
with the pore phase is at ambient pressure or below [35–41]. For
example, bulk-phase potassium iodide (KI) forms a B1 NaCl-type
crystal structure (Fm�3m space group) at ambient temperature
and pressure, but undergoes a phase transition to a B2 CsCl-type
crystal structure (Pm�3m space group) at 1.9 GPa pressure [42].
However, Urita et al. [35] used high-resolution transmission elec-
tron microscopy (HRTEM) and synchrotron XRD to show that when
confined within single-walled carbon nanotubes (SWCNTs) with an
internal diameter of 2–5 nm, KI forms the high-pressure B2 phase,
even though the bulk-phase KI that was in equilibrium with the
pore was at a pressure below 0.1 MPa. A further example is the for-
mation of methane hydrates in carbon nano-pores [43], a phase
change that requires high pressure in the bulk phase. In addition
to the formation of the hydrates at a low bulk pressure, confine-
ment in carbon nano-pores leads to a dramatic increase in the
kinetics of formation of the hydrate.

Solid–liquid transitions for organic compounds observed in sur-
face force apparatus experiments often occur at temperatures well
above their normal melting points, Tmp, suggesting high pressures.
In these experiments, the organic nano-phase is confined between
mica surfaces. For example, n-dodecane (Tmp = 263.4 K) freezes at
300 K, while cyclohexane (Tmp = 279 K) freezes at 296 K when con-
fined between mica surfaces [37,39]. In the bulk phase, n-dodecane
freezes at a pressure of �1860 bar (1 bar = 1 � 105 Pa) at 300 K,
while cyclohexane freezes at a pressure of �440 bar. These high-
pressure effects in confinement are consistent with molecular sim-
ulation studies, in which relatively small increases in the pressure
of the bulk phase that is in equilibrium with the confined nano-
phase cause large increases in the tangential pressure in the
nano-pores [20,24,25].
4.2. Deformation of molecular structure in confined nano-phases

The discovery of 2D graphene has led to intense interest in 2D
materials; about 1000 2D materials have now been synthesized
or predicted to be possible, including 2D boron and other nitrides,
2D molybdenum sulfide, and 2D transition metal dichalcogenides
[44,45]. Very recently, studies have been reported of various
nano-phases confined in slit-shaped pores composed of parallel
2D sheets; it has been shown that the confined molecules are
subject to very high pressures [46,47]. Vasu et al. [12] studied
triphenylamine and boric acid confined in a slit pore composed
of two graphene sheets, with a pore width of 1 nm. The structure
of these molecules is pressure sensitive, and these researchers used
Raman spectroscopy to determine the structure of the molecules in
the graphene pore. By comparing the observed molecular structure
with structure results from Raman studies on the bulk materials,
they were able to estimate an effective pressure of 1.2 GPa in the
pore. This finding agrees quite well with molecular simulation
results that we have obtained for slit carbon pores [20,25]. Similar
high effective pressures, in the range 1–10 GPa, have been
observed recently in other similar experiments by this research
group and others [11,13,14,46,47]. Although these experiments
confirm the strong pressure enhancement that occurs in carbon
pores, the pressures reported are not well-defined, since the ‘‘effec-
tive bulk pressure” is a scalar, whereas the actual pressure in the
pores is a second-order tensor.
4.3. High-pressure reactions in nano-pores

Chemical reactions that require a high pressure when carried
out in the bulk phase are often found to give a high yield of product
when carried out in a nano-porous material, even though the bulk
phase in equilibrium with the pore phase is at low pressure. We
give two examples here.
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4.3.1. Nitric oxide dimerization reaction
In 1989, Kaneko et al. [48] reported a study of the nitric oxide

(NO) dimer reaction, 2NO = (NO)2, in activated carbon fibers (pore
width of 0.8–0.9 nm) with slit-shaped pores for temperatures
ranging from 273 to 423 K. Magnetic susceptibility measurements
showed that the reaction went almost to completion in the nano-
pores (more than 98 mol% dimers), even though the proportion of
dimers in the bulk phase in equilibrium with the pore was of the
order of a few mole percent or less. This surprising result was con-
firmed in later experiments carried out by Byl et al. [49], who stud-
ied the reaction in (10,10) SWCNTs (diameter of 1.36 nm) over the
temperature range 103–136 K. Equilibrium compositions within
the SWCNTs were determined using Fourier-transform infrared
(FTIR) spectroscopy, and the mole percent of the dimers was
shown to be 100% within the experimental error, which was esti-
mated to be 5%. Subsequent theoretical and molecular simulation
(reactive Monte Carlo) studies by various groups [50–52] failed
to reproduce the experimental results. The predicted yield of the
dimer, while higher than in the bulk phase, was considerably lower
than that found in the experiments. Also, the yield was predicted to
decrease rapidly with increasing temperature, whereas the exper-
iments showed no discernible effect of temperature on the yield.
Recently, Srivastava et al. [53] showed that the failure of the earlier
theoretical predictions was due to the neglect of strong association
interactions between the dimers and the p electrons in the carbon
walls. Ab initio calculations at the MP2 (short for second-order
Møller–Plesset perturbation theory) level showed that the interac-
tion energy between the (NO)2 dimer molecule and the carbon wall
was nearly 20 times stronger than that expected from van der
Waals forces, as assumed in the previous studies. When this was
accounted for in the molecular simulations, good agreement with
the experiments for both the yield and its temperature dependence
was obtained for both activated carbon fibers and carbon
nanotubes. The tangential pressure in the z direction (parallel to
the pore walls) was calculated to be of the order of several hundred
thousand bars near the pore walls, due to the strong attractive
forces with the pore wall.

4.3.2. Reactions in aqueous solutions
Vasu et al. [12] studied the effect of confinement in graphene slit

pores on aqueous solutions of several salts: magnesium chloride
(MgCl2), cesium iodide (CsI), copper(II) sulfate (CuSO4), and calcium
hydroxide (Ca(OH)2). They found that these compounds, which are
unreactive with water under bulk-phase conditions at room
pressure, react with water in the confined nano-phase to yield the
corresponding metal oxide (with the exception of CsI, which does
not react), due to the high pressure in the nano-pores. They con-
firmed the conversion to the oxide using energy-dispersive X-ray
(EDX) spectroscopy, electron diffraction, and electron energy-loss
Fig. 4. (a) HRTEM images of sulfur (S) confined within carbon nanotubes: (i) Zigzag chain
0.60 nm diameter [56]. The scale bar is 1 nm. (b) Double-helix structure of selenium (S
[56,57])
spectroscopy (EELS). These experiments unequivocally showed that
the observed crystals in the pores are the oxide.

It is known from high-pressure experiments on bulk aqueous
solutions [54] that increasing the pressure from 0.1 MPa (1 bar)
to 1 GPa (10 000 bar) causes the ionization constant of water to
increase by two orders of magnitude, thus favoring hydrolysis of
the salts. It is proposed that the confinement-induced high pres-
sure causes the salts to hydrolyze to their hydroxides followed
by decomposition to the corresponding oxides. In the bulk phase,
conversion of these salts to their hydroxides or oxides was only
observed previously at high temperatures and pressures [55].
Therefore, the nano-confinement and resulting high pressure is
accepted to be sufficient to cause the reaction to occur at room
temperature. They also studied MgCl2 dissolved in methanol in
these graphene pores and observed no reaction; this finding was
expected since there is no ionization of the solvent. Other recent
experimental observations of the high reactivity of water in
nano-confinement have been reported by Lim et al. [46,47].

4.4. New high-pressure materials synthesis in confinement: The
insulator–metal transition

Fujimori et al. [56] reported the formation of a 1Dmetallic sulfur
(S) phase when the sulfur is confined within SWCNTs or double-
walled carbon nanotubes (DWCNTs) with a diameter of about
1 nm and is in equilibrium with a bulk sulfur vapor phase at sub-
ambient pressure (Fig. 4(a)). The confined sulfur forms either a
linear or a zigzag covalently bonded chain, depending on the precise
diameter of the nanotube, as confirmed by HRTEM and synchrotron
XRD. The chains have long domain sizes (up to 160 nm) and are
thermally stable at temperatures up to about 800 K. The S–S bond
lengths for the linear chains are about 0.19 nm, which is shorter
than the bond length of bulk-phase polymeric sulfur, SW, which
has a bond length of about 0.207 nm, suggesting strong chemical
bonding. The reduced bond length and the metallic nature of the
1D phase suggest that the sulfur chain is under a strong tangential
pressure in the pore. This behavior of confined sulfur is in strong
contrast with that of bulk sulfur, for which 1D chains are unstable,
and for which a 3D metallic phase only appears at pressures of the
order of 95 GPa. Molecular dynamics (MD) simulations performed
recently by our group [27] predict that the tangential pressure in
the center of the sulfur chain is of the order of 700 GPa,which iswell
above the bulk-phase pressure at which metallic sulfur forms.

Fujimori et al. [57] also observed the formation of a double-
helix structure of covalently bonded selenium (Se) (Fig. 4(b)) in
DWCNTs with a diameter of about 1 nm, as confirmed by HRTEM,
XRD, and ab initio calculations. The confined Se double helices are
radially compressed in the pores. This is a new structural phase of
Se that is quite different from the structures seen in bulk Se.
inside a DWCNT of 0.68 nm diameter; (ii) 1D linear sulfur chain inside a DWCNT of
e) confined in a DWCNT with a diameter of about 1 nm [57]. (Adapted from Refs.
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Recently, the formation of a 1D tellurium chain encapsulated in
SWCNTs with diameters between 0.7 and 1.1 nm has been
reported by Medeiros et al. [58]. The transition from metallic to
insulating behavior was observed as the nanotube diameter was
increased. Nano-confinement is not only a means to produce this
novel phase, but is also necessary to ensure the mechanical stabil-
ity of the confined species.

5. Theory and molecular simulation studies of surface-driven
high pressures

Quite extensive molecular simulation studies have been done of
both the normal and tangential pressures for adsorbed films in
nano-pores of simple geometries for non-reactive systems that
interact with simple van der Waals forces. For cases where chem-
ical reaction occurs, either between the molecules in the adsorbed
film or between those molecules and the pore walls, much less
work has been done and the pressures in such systems are not well
understood at present.

5.1. Non-reacting systems with simple van der Waals forces

Starting in 2011, a number of studies have used semi-grand
canonical Monte Carlo (SGMC) simulations to calculate the
pressure tensor components for a simple nonpolar fluid in nano-
porous carbons and silicas with slit, cylindrical, and spherical-
shaped pores [20–22,24–28]. These studies have demonstrated
that the normal and tangential pressure components are usually
very large—up to thousands of bars for the normal pressure and
tens of thousands of bars for the tangential pressure. These pres-
sures are in qualitative agreement with the experimental observa-
tions to date. In the simulations, the pores are of finite length and
are in direct contact with the bulk gas phase, thus ensuring that the
condition of mechanical (or hydrostatic) equilibrium (i.e., no net
momentum transfer at equilibrium), Eq. (3), is obeyed.

Typical results for carbon pores with a width of 15 molecular
diameters (about 5 nm) at 87.3 K and 1 bar bulk pressure (the
boiling point of argon) and adsorbate molecules that exhibit simple
van der Waals (LJ) interactions are shown in Fig. 5(a). The tangen-
tial pressure in the contact layer next to the pore wall is about
19 000 bar, while in the center of the pore it is oscillating about
±200 bar (see inset in Fig. 5(a), which shows the pressure on an
expanded scale). For smaller pores, PT is considerably higher—as
high as 60 000 bar for small slit-shaped nano-pores with a width
of 2 molecular diameters at temperatures in the liquid range
[20,25]. These very large positive tangential pressures arise from
the strongly repulsive intermolecular forces between neighboring
molecules in the xy plane (Fig. 1). The normal pressure, PN, for this
Fig. 5. (a) (Left) Normal and tangential pressures for Ar at its normal boiling point in a
simulation of the nano-pore phase in equilibrium with the gas phase. (b) Normal pressu
(Adapted from Refs. [21,25])
system is shown as the black horizontal line, and is constant across
the pore at about 27 bar. Fig. 5(b) shows the normal pressure ver-
sus the pore width for carbon tetrachloride (CCl4) confined with
slit pores (a model of activated carbon fibers) from both experi-
ment and simulation. The experimental values were obtained by
observing the change in the interlayer spacing of the graphene lay-
ers using XRD data, together with the estimated Young’s modulus.
The normal pressure can be either positive or negative, depending
on the pore width. This oscillating behavior with increasing pore
width is known from a variety of experimental studies, and is
due to packing effects in the pore.

An examination of the statistical mechanical equations for the
pressure shows that the pressure depends on the temperature,
the pressure of the bulk phase, and the wetting characteristics of
the adsorbed molecules on the solid surface. A quantitative mea-
sure of the wetting is provided by the microscopic wetting param-
eter [20], aw, the ratio of fluid–wall interactions to fluid–fluid
interactions, as given by the following equation:

aw ¼ Fluid–wall interaction
Fluid–fluid interaction

¼ qsr2
fwD

efw
eff

� �
ð7Þ

where qs and D are the number density of the solid atoms and the
spacing between atomic layers in the solid (qs = 114 nm�3 and D =
0.335 nm for graphite), and e and r are the usual LJ parameters for
the fluid–fluid (adsorbate–adsorbate) (ff) and fluid–wall (fw) inter-
actions. The molecular simulation studies show that the tangential
pressure increases rapidly with increase in the wetting parameter
(Fig. 3). It also increases very rapidly (roughly exponentially) with
increase in the pressure of the bulk phase in equilibrium with the
pore phase.

5.2. Confined systems in which chemisorption or chemical reaction
occurs

Although little work has been reported on surface-driven high
pressures in thin adsorbed films when chemisorption or chemical
reaction occurs, it appears that even higher tangential pressures
can occur, at least in some cases. Recently, Srivastava et al. [28]
reported a systematic study of the effect of surface wetting, pore
width, and adsorbate molecular shape on the pressure tensor com-
ponents PN and PT for slit-shaped pores. Included in this study were
molecules that are weakly chemisorbed by the pore walls. Values
of aw up to 40 were studied, corresponding to the chemisorption
of the nitric oxide dimer, (NO)2, with the carbon wall. Tangential
pressures near the pore walls ranged from 100 000 to 500 000
bar for these stronger interactions.

Recently, MD simulations [27] were reported for sulfur in a car-
bon nanotube (CNT) of the same diameter and chirality as that
slit-shaped carbon pore with a width of H = 15rAr [25]; (right) a snapshot of the
re versus pore width (H) for CCl4 adsorbed in activated carbon fibers at 300 K [21].
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used in the experiments of Fujimori et al. [56] (see Fig. 4(a) and
associated discussion). A modified form of the reactive force field
of Stillinger and Weber (SW) [59] was used for the sulfur interac-
tions. Results for the structure and tangential pressure of the con-
fined sulfur nano-phase are shown in Fig. 6(a) and (b). The sulfur
atoms, which are strongly covalently bonded, have a bond length
of 0.189 nm, which is in good agreement with the experimental
value of (0.18 ± 0.02) nm [27], but is substantially smaller than
the bond length of polymeric sulfur, SW, (0.207 nm) in the bulk
phase. The peak local tangential pressure is of the order of 700
GPa. Such a high pressure is quite sufficient to lead to a metallic
phase, as observed in the experiments (the insulator–metal transi-
tion occurs at about 95 GPa for bulk sulfur). These calculations are
qualitative in nature, since the force field used was fitted to the
bulk-phase dimer properties. However, there is experimental evi-
dence that the bond strength in the confined nano-phase is close
to that for the bulk dimer [27]. In the MD simulations, varying
the force field energy by 10%–20% caused the calculated tangential
pressure to change, although it remained within the range from 4
to 10 GPa, which is sufficient to explain the metallic behavior of
the sulfur chain.

An analysis of the forces and potential energies experienced by
the sulfur atoms in the pore indicates that the interaction with the
pore walls is strongly repulsive (Fig. 6(c)). However, the sulfur–
sulfur interactions are so strongly attractive, due to chemical
bonding, that the sulfur chain can lower its free energy by entering
the pore and is strongly stabilized by the carbon nano-pores. Exam-
ination of the contributions to the tangential pressure shows that it
is this repulsive interaction with the pore walls, enabled by the
strong sulfur–sulfur bonding, that produces the very high pressures.

6. Conclusions

Pressure is a fundamental thermodynamic variable that has the
potential to control and enhance the manufacture of chemicals and
solid materials with a wide range of desired properties. Existing
industrial processes achieve high pressures through mechanical
Fig. 6. (a) Tangential pressure and number density for sulfur atoms and (b) 1D sulfur
(c) Analysis of the forces and potential energies experienced by the sulfur atoms in the
carbon wall atom (C) for sulfur in the (8,0) SWCNT; the force for the average S–C separati
for LJ Ar atoms next to a carbon wall in slit-shaped and spherical carbon pores [27]. (Ad
compression, typically of a bulk gas mixture, and are exemplified
by the production of ammonia from hydrogen and nitrogen gases,
as demonstrated by Fritz Haber in 1909, using pressures of around
20 MPa. However, such high-pressure processes are limited in
application because of cost and difficulties in compressor design
(i.e., materials considerations). The development of surface-
driven high-pressure chemical reactions, chemical processing,
and materials synthesis would offer great benefits and could trans-
form the use of pressure as a decisive variable in industrial manu-
facturing. Since high pressure is provided by the attractive force
field from the surface of the substrate, this would obviate the high
cost and materials difficulties of conventional compression. More
importantly, such surface-driven high-pressure processes would
provide a simple means of achieving much higher pressures—up
to tens of thousands of bars and higher in some operations—than
are currently accessible at the industrial scale. In addition, since
the principal pressure component is the tangential pressure acting
parallel to the solid surface, such processes would avoid the prob-
lem of very high pressures acting on the walls of the reactor vessel,
and thus avoid the failure of materials.

On first consideration, one might think of several possible
objections to the practical application of these surface-driven
high-pressure effects. For example:

(1) Since the high-pressure region only extends a few nanome-
ters from the substrate surface, the active processing zone will be
too small. However, a simple calculation shows that this is not the
case in general, mainly because activated carbons have a very large
surface area—typically 1000–2000 m2�g�1. Such carbons have a
density of about 0.5 g�cm�3 and micropore widths of 1–2 nm.
Assuming a surface area of 1000 m2�g�1 and a mean pore width
of 2 nm (the active processing zone), an adsorption column with
a diameter of 2 m and a height of 10 m would contain about
15 000 kg of carbon and have an active processing zone of 30 m3.

(2) When removed from the active processing zone, the
pressure is low and the product will revert to its original low-
pressure form. This would happen in some cases in which the tran-
sition barrier is low and the product is not in the equilibrium phase
phase in an (8,0) SWCNT with a diameter of 0.626 nm, from MD simulation [27].
pore: Red curve indicates the intermolecular force between a sulfur atom (S) and a
on distance is shown by the black circle. Inset is the corresponding Ar/Ar force curve
apted from Ref. [27])
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under low-pressure conditions. However, there will be many cases
in which this will not happen, either because the final product is
the true thermodynamic equilibrium state, or because the final
product is metastable but does not revert to the true equilibrium
form because of a high activation barrier (for example, diamond
under ambient conditions). At the laboratory scale, for example,
many chemical reactions are kinetically limited due to a high
activation-energy barrier, and high pressure, often ranging from
0.1 to 3 GPa, is needed to overcome this.

(3) It is difficult to remove the product from the narrow pores.
This may be the case for some applications, such as the nanowires
of sulfur and tellurium that are formed within narrow carbon
nanotubes. However, it is likely that there are many applications
where removal of the product is possible, such as by solvent
extraction, sonication, lowering the bulk-phase pressure, or other
methods.

7. Outlook

In order to achieve surface-driven high-pressure processing in
practice, it will first be necessary to build a sufficient fundamental
knowledge base, including the best ways to produce, control, and
measure such surface-driven high pressures. Reliable methods for
the theoretical modeling of these processes will require the devel-
opment and testing of approaches at the electronic, atomistic, and
mesoscales of matter in order to account for confinement and
strong compression, and to determine reaction mechanisms, acti-
vated states and barriers, reaction rates, and diffusion rates, all in
confinement. Basic research is also needed to develop experimen-
tal methods to more precisely control and characterize surface
geometry, chemistry, pore size, and pore shape in the synthesis
of nano-porous materials, and to investigate and control the entry
of reactant molecules into the pores and the products out of the
pores.

This field is in its infancy; however, many areas are ripe for
future investigation. Examples include the following:

(1) Studies of prototype chemical reactions that require high
pressure. In some cases, surface-driven high pressure may favor
the reaction due to equilibrium thermodynamics, for example
because the number of moles is decreased as a result of the reac-
tion (Le Chatelier’s principle). In these cases, experimental studies
of the reaction yield should be coupled with molecular simulations
to calculate the equilibrium yield (reactive Monte Carlo) and free
energies (e.g., through histogram reweighting or density-of-states
methods [60]) involved. In the case of reactions that are kinetically
limited due to high activation barriers, it will be of interest to study
how high the pressure must be to overcome the barrier, and how
the reaction can be controlled by manipulation of the adsorbent
material, pore size, and shape. Can we make use of the surface
properties of the solid substrate to select the best reaction pathway
and final product? Again, it will be highly desirable to combine
experimental investigations with theory (e.g., density functional
theory and string optimization methods to determine the reaction
path and activated state).

(2) Reactions in aqueous solution. High-pressure experiments
on water and aqueous solution in the bulk phase have shown that
the ionization constant of water is increased by orders of magni-
tude [54], and that this leads to greatly increased reactivity [55].
Recently, several works have been reported [12,46,47] in which
hydrolysis reactions are observed in salt solutions confined within
graphene nanobubbles, apparently due to surface-driven compres-
sion. This is a rich area for further investigation.

(3) The effect of surface-driven high pressure on phase changes.
Much work has been done on gas–liquid condensation and
melting/freezing for pure substances in nano-pores and on solid
substrates. However, industrial processes such as distillation, gas
adsorption, liquid–liquid extraction, membrane separation, crys-
tallization, and supercritical extraction usually involve mixtures,
and very little is known about the surface-compression effects of
mixtures. Areas in which little or no work has yet been done
include the effects of surface-driven compression and confinement
on the solubility of dilute solutes in liquid solvents [61], on the
fluid and solid regions of the phase diagrams for the six known
classes of binary mixtures [30,61–64], and on high-pressure
solid–solid transitions [62,64].

(4) Exploring the conditions needed to produce desired poly-
morphs (including new polymorphs) of pharmaceuticals and other
specialty chemicals. These conditions might include the type of
adsorbent substrate, surface conditions, and pore size and shape.

(5) The effect of very high pressures on the electronic and
photonic properties of materials [1]. Of particular interest are
the changes to electronic bandwidths and bandgaps induced
by high pressure, and the resulting insulator–metal, insulator–
semiconductor, and semiconductor–metal transitions, as well as
the transitions to magnetic and superconducting states [1,65–69].
Much work has been done on these transitions for bulk elements
and compounds, using shock compression or anvil cell measure-
ments. In bulk materials, these transitions occur at pressures
ranging from below 1 to 200 GPa or more. Recent work has shown
that confinement in SWCNTs of suitable diameter is sufficient to
cause an insulator–metal transition for both sulfur [56] and
tellurium [58] (both of which are group VIB elements in the
periodic table), and theoretical calculations [27] suggest that this
is a surface-driven high-pressure effect with tangential pressures
of several hundred gigapascals (Fig. 6).

(6) The effect of surface-driven high pressures on atomic and
molecular properties—molecular configuration, vibrational modes,
bond angles, and so forth. Methods for such studies might include
FTIR and Raman spectroscopy [12].

(7) The development of experimental techniques to measure
the compression of adsorbed nano-phases near solid substrates
and the local properties of these phases, including the effective
tangential pressures near the surface of the substrate. It may be
possible to estimate the latter for adsorbed monolayers on a flat
surface by using small-angle neutron diffraction to determine the
local density, together with a theoretical EOS to determine the tan-
gential pressure (see Fig. 3 and associated discussion, where the
effective tangential pressure is estimated from molecular simula-
tion results for the number density in the compressed adsorbed
monolayer). FTIR and Raman spectroscopy offer one possible route
to observe the effect of compression near surfaces on individual
molecules.
Acknowledgments

The authors would like to thank several colleagues for helpful
discussions and cooperation on the topic of pressure enhancement
in thin adsorbed films, including Cody Addington, Katsumi Kaneko,
Jeremy Palmer, and Fanxing Li. We also thank two anonymous
referees for helpful comments and suggestions. We are grateful
to the US National Science Foundation (CBET-1603851 and
CHE-1710102) for support of this work. Małgorzata Śliwińska-
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Nanobubbles at GPa pressure under graphene. Nano Lett 2015;15(9):6162–9.

[15] Parsonage NG. Monte Carlo studies of a two-dimensional commensurate-
incommensurate system—effects of change of particle size and interaction
parameters at constant number density. J Chem Soc Faraday Trans 1992;88
(6):777–87.

[16] Rittner F, Boddenberg B, Bojan MJ, Steele WA. Adsorption of nitrogen on rutile
(110): Monte Carlo computer simulations. Langmuir 1999;15(4):1456–62.

[17] Nguyen VT, Do DD, Nicholson D. On the heat of adsorption at layering
transitions in adsorption of noble gases and nitrogen on graphite. J Phys Chem
C 2010;114(50):22171–80.

[18] Aranovich GL, Donohue MD. Adsorption compression: an important new
aspect of adsorption behavior and capillarity. Langmuir 2003;19(7):2722–35.

[19] Wetzel TE, Erickson JS, Donohue PS, Charniak CL, Aranovich GL, Donohue MD.
Monte Carlo simulations on the effect of substrate geometry on adsorption and
compression. J Chem Phys 2004;120(24):11765–74.
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