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Abstract

Pressure creates precious materials; diamonds are produced in the Earth’s core—mantle, and ammonia is synthesized by the Haber—Bosch process.
Recent research has demonstrated that applying high pressure to aggregates of nanocrystals can lead to a distinct interplay between them, resulting
in novel nanostructured materials previously thought to be impossible. Examples of such materials include nanograin-boundary materials, 1D-2D
nanomaterials fused from 0D nanocrystals, and materials that can maintain a high-pressure crystal phase at ambient pressure. This article show-
cases cutting-edge research emphasizing the importance of surfaces, i.e., high-pressure surface nanochemistry. We also discuss the challenges

and prospects in this field.

Introduction
“No pressure, no diamond”. This quote by Thomas Carlyle
has been proven to be scientifically correct:l' ! a recent study
accurately depicts a graphene-diamond phase transition at c.a.
1500°C and 20 GPa.!'! As such, pressure is a primitive param-
eter used to tune materials’ properties and thermodynamics, i.e.,
Gibbs’-free energy equation, G=E+ PV — TS. Under high pres-
sure, a number of materials exist in alternative, high-pressure
phases different from their phases under ambient conditions.
These high-pressure phases can show superior properties, such
as optical,”*! mechanical,!”) energy,”*! thermal conductiv-
ity,] and electronic properties.!'’ One of the most promising
materials in this field is high critical-temperature superconduc-
tors.!"12I Drozdov et al. reported that LaH,, exhibited super-
conductivity at 250 K under 170 GPa,!'! and FeSe reported by
Chu et al. showed a significantly higher critical temperature
of 37 K under 4.2 GPa than 9.3 K at ambient pressure.''?] Fur-
thermore, materials under high pressure can also exhibit funda-
mentally unique properties: pressure can shorten bond distances
in a molecule, which affects molecular orbitals, resulting in
exotic chemical bonds.["*! For example, super-heavy element
compounds were recently found to exhibit increased covalency
under high pressures.['*'3] The discovery can help us better
understand the behavior of underground nuclear waste.l'*!3]
Despite these exciting discoveries, some research conducted
under extreme conditions may be considered less practical. For
example, when a property that emerges at 10 GPa is used for
a device with a size of 1 cm?, the continuous application of
a force of 1000 tons is required (which is equivalent to the
weight of a cruise ship!). However, several recent reports sug-
gest that these issues could be circumvented in some cases. In
the case of FeSe, the crystal takes a tetragonal-based structure
at ambient pressure and an orthorhombic-based structure at a
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pressure greater than approximately c.a. 1.9 GPa exhibiting a
high critical temperature for superconductivity.''”) Interestingly,
the high-pressure phase of FeSe could be preserved for at least
7 days after releasing pressure at room temperature.!'?! Obvi-
ously, higher stability is required for practical use. The detailed
general mechanism for better high-pressure phase maintenance
has not yet been clarified, but this result indicates high-pressure
phase materials could be potentially used in normal conditions.

High-pressure nanochemistry combined with nanocrys-
tal surface engineering could address the instability issues of
materials with high-pressure phases.['®!”] For example, Cao
et al. demonstrated that preserving high-pressure phases at
ambient pressure can be achieved with adequate engineering
of nanocrystals and using a suitable pressure process.!'” With
this methodology, high-pressure phases of CdS and CdSe can
be preserved for as long as 7 years.['”] Likewise, recent discov-
eries in the high-pressure surface nanochemistry enable one
to produce novel nanostructured materials previously thought
to be impossible.'®! Essentially, the controlled jamming and
effective interaction between nanocrystals under high pressure
is the key. In this perspective article, we discuss novel materials
that have been created from nanocrystal aggregates by high-
pressure processes, especially highlighting the importance of
the surface.

This article is structured as follows. First, we briefly intro-
duce the basics of high-pressure chemistry, including experi-
mental setups and materials’ response to pressure (i.e., hydro-
static vs. non-hydrostatic). Then, we provide an overview of
early pioneering works in high-pressure nanochemistry. Fol-
lowing that, we introduce the latest research on nanocrystal
assemblies under high pressure. The materials produced in this
field include 1D materials, such as nanorods and nanowires,
and 2D materials, such as nanoplatelets, achieved through a
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Figure 1. (a) Three parts in nanocrystals: surfactants capping the nanocrystals’ inorganic core (yellow parts in the left model), the surface
of the nanocrystals’ inorganic core (pale green in the center model), and the inner core of the nanocrystals (grey in the right model). (b)
Surface engineering of nanocrystals. Nanocrystals can host various molecules on the surface.

directional fusion of nanocrystals. Additionally, researchers
have created nano-grain boundary materials using nanocrystals
as building blocks. Moreover, materials with a high-pressure
phase that can stably exist at ambient conditions for years will
be discussed. Next, we discuss challenges related to charac-
terizing these materials and fundamental questions regarding
the surface chemistry of nanocrystals under high-pressure
conditions. Finally, we provide our perspective on this highly
promising research topic. We aim to attract the attention of
researchers from various disciplines, as this emerging research
area has the potential to bring a bigstepper to a new class of
materials science.

A hierarchy of responses to pressure
in nanocrystals

High-pressure nanochemistry research is unique compared to
conventional high-pressure experiments because nanocrystals
have three distinct areas with different mechanical properties
and reactivities that concurrently respond to applied pressure.
Figure 1(a) illustrates the three different areas: the surfactant,
the surface of the inorganic core, and the inner core of the
nanocrystal inorganic core [from left to right in Fig. 1(a)]. Typi-
cal nanocrystals are capped by hydrocarbon-chain-based mol-
ecules with a length of 2—3 nm [yellow parts in Fig. 1(a) left].
Such organic surfactants are the softest part of the nanocrystals.
As arule of thumb, under pressure, the softest materials and the
weakest bonds are squeezed first.!'¥ Thus surfactants are com-
pressed foremost in nanocrystal aggregates.['>') The surface
of the inorganic cores [pale green atoms in Fig. 1(a) middle] is
the first line of interaction when nanocrystal cores physically
interact. Typically, the surface of the nanocrystals exhibits high
energy, leading nanocrystal interactions/reactions. The inner
part of the nanocrystal inorganic core is responsible for most

of the nanocrystal atoms [gray atoms in Fig. 1(a) right]. Most
measurements result from this part, such as X-ray diffraction
(XRD), transmission electron microscopy (TEM), etc.
Nanocrystals can offer a variety of surface states. Expos-
ing crystal facets can be controlled by synthesizing differ-
ently shaped nanocrystals, which makes nanocrystals attrac-
tive research subjects for surface chemistry.['®! Additionally,
nanocrystals can host a variety of surfactant molecules, includ-
ing organic molecules, biomolecules, and functional inorganic
clusters [see Fig. 1(b)].['*2% While previous high-pressure
nanocrystal experiments have only used a limited number of
surfactants,!' there are many options for scientific exploration.

Pressure apparatus and pressure
medium

This section briefly explains the pressure apparatus typically
used in pressure experiments: Diamond Anvil Cells (DACs)
and piston-cylinder presses. We also briefly discuss pressure
media and the resulting hydrostatic and non-hydrostatic pres-
sure environments.

Pressure apparatus
Pressure generates by exerting force on the area of interest.
Generating pressure is generally calculated with the equation;

P=F/A

where P, F, and A are pressure, force, and area, respectively.

Diamond anvil cell’®®

Figure 2(a) and (b) show a schematic illustration and a photo-
graph of a DAC. A DAC consists of a pair of diamonds, and
samples are placed in a hole in a gasket between the two dia-
monds.”*?* Diamonds are known to be the hardest materials,
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Figure 2. Pressure apparatus: (a) Schematic illustration and (b) a photograph of a diamond anvil cell. (c) Schematic illustration and (d) a

photograph of a piston-cylinder pressure cell.

with a Mohs hardness value of 10, and can withstand huge
applied forces. The applied pressure typically ranges from
0.1 to 200 GPa and is monitored using a chip of ruby which
exhibits a pressure-dependent fluorescence peak position.[>]

Using a DAC, it is possible to conduct in-situ spec-
troscopic measurements through the diamond windows
[Fig. 2(a)].'%! These measurements include X-ray scatter-
ing, Raman spectrum, absorption, and fluorescent spectros-
copy.l'®! Combining these techniques enables the mapping
of the complete structural-property relationships of materials
under pressurized conditions.2¢2”]

Piston-cylinder press

Figure 2(c) shows a schematic cartoon of a piston-cylinder
press. A piston press consists of upper and lower punches and
samples are placed between them. Forces are applied using
a press [shown in Fig. 2(d)], and pressure is calculated by
dividing the applied force by the area of the piston-cylinders.
The applicable pressure is dependent on the materials of the
piston-cylinders. While pistons made of steel with Mohs hard-
ness values of 4-5 can withstand no more than 1 GPa,*® state-
of-the-art piston-cylinders can withstand pressures as high as
3—7 GPa.*°! Compared to DACs, piston-cylinder presses can
handle larger sample quantities. These setups are commercially
available as IR pellet makers with heating functions and are
technically similar to some powder metallurgy processing.*”)
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Pressure medium and pressure
propagation: hydrostatic pressure vs.
deviatoric stress

A pressure medium can be placed in the sample chamber in
pressure experiments. Commonly used pressure media include
noble gases such as Ne and Ar,[**! as well as inert solvents such
as an ethanol-methanol mixture and silicon oils.!'® These pres-
sure media serve as pressure pathways that ensure a uniform
hydrostatic pressure environment.

When pressure is applied without a pressure medium or
when the pressure medium is solidified under high pressure,
pressure propagation becomes significantly inhomogeneous,
creating a non-hydrostatic pressure environment.['®3!) Interest-
ingly, non-hydrostatic pressure can have beneficial effects on
materials for some emerging phenomena.['®*!l Indeed, many
of experiments introduced in this perspective article were done
without a pressure medium. It should be noted that reliable
results from high-pressure experiments in the absence of a pres-
sure medium require firm confirmation of reproducibility and
statistical validation throughout the sample area, considering
possible significant inhomogeneous pressure propagation.

Figure 3(a) illustrates materials’ mechanical transformation
in response to pressure,’*?! assessing response in each dimen-
sion (i.e., in the x (L: length), y (W: width), and z (H: height)
directions), which defined as dL, dH, and dW [Fig. 3(a)].3%
When pressure is hydrostatic, materials feel isotropic com-
pressive stress, so the resulting deformation is expressed as
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Figure 3. Transformation under pressure. (a) Deformation in response to forces in the x (L: length), y (W: width), and z (H: height) axes. (b,
c) Schematic of hydrostatic (b) and deviatoric (c) forces exerting in the z (H: height) direction.

dL/L=dH/H=dW/W [Fig. 3(b)]. In contrast, when the ratios
of dL/L, dH/H, and dW/W are not equal, the stress response
is considered not hydrostatic. This is referred to as non-hydro-
static or quasi-hydrostatic pressure in some publication.

One possible cause of non-hydrostatic conditions is deviatoric
stress.*3] Pressure can be deviated to generate strains in different
directions from the pressure direction [Fig. 3(c)]. The deviated
stress from the pressure direction is called deviatoric stress. In
reality, the pressure response of materials is a convolution of
both hydrostatic and deviatoric stress. Microscopically, pressure
without pressure medium propagates through touching points
of nanocrystals, i.e., force chains in granular materials.?**%1 As
a result, pressure is effectively used for nanocrystals’ physical
interaction that may lead to special interplays.

High-pressure nanochemistry: using
an example of CdSe
A phase transition is one of the most dramatic chemical events
that pressure can induce. In solid materials, when pressure
exceeds a threshold where the atomic bond distance becomes
too short, crystal structures undergo reorganization and form
high-pressure phase crystal structures, resulting in a solid—solid
phase transition.l*?! Figure 4 illustrates the phase transition of bulk
CdSe. Bulk CdSe takes on zinc-blende or wurtzite [Fig. 4(a) inset]
structures as its most thermodynamically stable structure at ambi-
ent pressure.>® Under increasing pressure, the lattice constant
continuously shrinks, and above approximately 2.0 GPa, the crys-
tal structure transforms into a rock-salt structure.’*®! When releas-
ing the pressure, backward phase transition happens at the phase
transition pressure as the thermodynamics of CdSe dictates.[>!
Nanocrystals exhibit distinct dynamics in phase-transition
processes compared to conventional bulk materials. Alivisatos’
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Figure 4. Phase transition of CdSe: (a) Phase diagram of CdSe
crystal structure vs. applied pressure. Bulk CdSe takes zinc-blend
or wurtzite structure under less than c.a. 2.0 GPa and rock-salt
structure under more than c.a. 2.0 GPa. (b) Typical plot showing
the fractions of high-pressure phase over applied pressure for
CdSe nanocrystals. The phase-transition during a pressurizing
process and the phase-transition back during a pressure-releasing
process are highlighted with red and blue stripes, respectively. (b)
was reproduced from Ref. 37.

group conducted pioneering work demonstrating the size
dependence of phase transition pressure.[*”3® Figure 4(b)
depicts a plot of a high-pressure phase fraction of 1.8 nm CdSe
nanocrystals over applied pressure.*” The phase transition
pressure was between 6.0 and 8.0 GPa, significantly higher than
the bulk phase transition pressure of approximately 2.0 GPa.>”)
During the pressure release process, the nanocrystals returned
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to the ambient phase in the pressure range of 0-2.0 GPa. As
a result, the plot exhibited a huge hysteresis loop [Fig. 4(b)].
The discrepancy between pressure responses of nano- and
bulk-sized materials originates from phase-transition kinetics
in nanosize crystal domains and thermodynamic effects led by
the high surface areas of nanocrystals.!'%26:38:3]

The art of peer pressure

between nanocrystals: nanocrystal
assemblies under high-pressure

This section highlights surface reactions between nanocrystals
driven by high-pressure processes and explains the unique-
ness of the resulting materials. Specifically, we discuss how
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nanocrystal surface engineering can control the nanocrystals’
pressure response, the interaction between nanocrystals dur-
ing high-pressure processes, and the consequences. For this
discussion, we use three leading-edge nanostructured materials
created with methodologies based on the high-pressure surface
nanochemistry: pressure-sintered 1D or 2D materials (Fig. 5),
nanosized grain-boundary materials (Fig. 6), and high-pressure
phase materials (Fig. 7).

Pressure-sintered 1D/2D materials

By applying high pressure (c.a. 10-20 GPa) to nanocrystal
superlattices (ordered arrays of nanocrystals), the nanocrys-
tals can fuse along the pressure directions. As a result, long
nanowires and nanoplatelets with a high aspect ratio (i.e. the
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Figure 5. Pressure-driven nanocrystals fusion into 2D materials in superlattices. (a) TEM images of 10.2 nm CsPbBr; nanocubes and the
high-resolution TEM (inset). These nanocrystals were used for nanocrystal superlattices. (b) SAXS spectra of before (left) and after (right)
a 17.5 GPa pressurizing process, showing simple-cubic and lamellar superstructures respectively. The inset panels show 2D SAXS pat-
terns. (c) Schematic presentation of the pressure-driven nanocrystal fusion into 2D materials. (d) TEM images of the resulting nanoplate-
lets from fused CsPbBr; nanocrystals showing seamless single crystallinity. The inset panels show the fast Fourier transform pattern of
the nanoplatelet (left) and corresponding computer model (right). (e) Schematics of the pressure-driven nanocrystal fusion highlighting the
surface reactions of the CsPbBr; nanocubes. (a—d) were reproduced from Ref. 26.
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were synthesized (left). Then, the nanocrystals underwent chemical surface modifications, and the surfactant was replaced by small
inorganic surfactants (center-left). Subsequently, the nanocrystals were washed multiple times to remove the inorganic surfactants, and
nanocrystal powders were obtained by a complete dry process (center-right). The powder was compressed under approximately 0.6
GPa with a piston-cylinder cell, which turned the black powder into golden coin-shaped bulk materials. (b) Palladium nanoparticle with
amorphous atomic structures (left). 3D atomic tomography of the palladium nanoparticles (right) and low-magnification TEM image. (c)
Amorphous palladium coin (left) photograph (right) XRD spectrum before and after the nanocrystal coining process showing there is no
crystallinities. (d) Nanocrystal coin collection: nanocrystal coins from gold nanospheres (61 nm), gold nanorods (40-nm width and 111-nm
length), silver nanospheres (9.5 nm), platinum nanocubes (8.4 nm), rhodium nanocubes (7.3 nm), and bismuth nanospheres (18.9 nm)
(from left to right). () Schematic illustration of metal bond formation during the nanocrystal coining method. (a—d) were reproduced from

Refs. 28 and 55.

aspect ratio: 5~>200) have been produced with a wide range
of components including semiconductors (e.g., CdSe, PbS,
PbSe, perovskite) 204 and metals (e.g., Ag, Au).33444]
Figure 5(a—d) presents the stepwise procedure using an
example of CsPbBr; nanocrystal superlattices.®! Uniform

10.2 nm CsPbBr; nanocubes were synthesized and used as
building blocks of the nanocrystal superlattices [Fig. 5(a)].
The nanocubes formed simple-cubic superlattices and were
pressurized under 17.5 GPa. The superstructural change was
monitored using small angle X-ray scattering measurements
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Figure 7. High-pressure phases preserved through nanocrystal network formation. (a, b) Schematic illustration of the process. (a)
Nanocrystals, capped with adequate surfactants (left), are self-assembled into superlattices (center). The nanocrystals were then put
under high pressure (right). Under the pressure, the nanocrystals underwent a phase transition, and the nanocrystal superlattices
transformed into deformed superstructures. (b) The nanocrystals were in contact in multiple places (highlighted in red) in the pressurized
superstructures after releasing the pressure. (c) WAXS and SAXS patterns were collected during compression and decompression at dif-
ferent pressures. CdSe NCs were functionalized with octylamine of (i) 92% surface coverage, (ii) 62% surface coverage, and (i) capped
with a mixture of octylamine and CTAB (with a molar ratio of 5:1) of 63% surface coverage in terms of hydrocarbon chains. (d, €) Atomic
models of spherical CdSe (d) and CdSe@CdS nanorods (e) after the pressurizing process. The touching areas are highlighted in red and

yellow, respectively. (c) and (e) were reproduced from Ref. 17.

(SAXS) [Fig. 5(b)], showing that a simple cubic superstruc-
ture [Fig. 5(b left)] turned into a lamellar [Fig. 5(b right)]
through the pressurizing process. This resulted from a pres-
sure-driven fusion between nanocubes in the superlattices, as
depicted in Fig. 5(c). The fused nanocubes became a single-
crystalline nanoplatelet which was presented in Fig. 5(d).

The significance

Pressure-sintering is a clean method that does not require
expensive settings.l'®) Furthermore, this process can be
robustly applied to a variety of components to produce low-
dimensional materials. While colloidal chemistry has pro-
[46] the synthesis
of anisotropic nanomaterials typically relies on crystallization
kinetics during the synthesis.[*®! This is inherently limited by
the crystal structure, which imposes limitations on the result-

duced a wide range of uniform nanomaterials,

ing morphologies and components. Pressure-sintering can
circumvent the problem and be robustly applied to a variety
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of components, including metals, quantum dots, and perovs-
kite materials,*”! and can produce 1D and 2D nanomaterials
with extremely uniform thickness inherited from the uniform
building block nanocrystals. This is important because mor-
phologies are the primary factors that determine the properties
of nanocrystals. In particular, 1D and 2D nanomaterials are
highly sought after for their applications in biomarkers and
nanoelectronics.!*”)

Compared to other sintering processes, pressure sintering
is exceptional in its ability to preserve the size of the original
nanocrystals in the thickness of resulting materials.l'®3*!] Typ-
ical heat sintering, ripening, and coalescent processes involve
atomic movements of entire materials, causing the morpholo-
gies of materials to change completely.[*®! In contrast, pressure
sintering of nanocrystals mainly involves the first several out-
ermost atomic layers of nanocrystal cores, allowing the shape
of the original nanocrystals to be preserved in directions that
nanocrystal fusion did not occur in.?833]
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The surfactant

Figure 5(e) presents how the surfactants move during the
pressure-driven nanocrystal fusion. As formed, nanocrystal
superlattices have surfactants touching each other between
neighboring nanocrystals [Fig. 5(e—i)]. Under pressure, sur-
factant molecules are compressed first, making isotropic
compression in nanocrystal superlattices [Fig. 5(e—ii)]. Upon
further pressure, surfactant molecules are dissociated from
nanocrystal surfaces and are pushed away from the space
between nanocrystals [Fig. 5(e—iii)]. The dissociation process
requires significant energy to break the bond. For example, gold
nanocrystals capped by 1-dodecanthiol, which is also known
to make nanocrystal fusion in superlattice under high pres-
sure,[33*4] have a bond energy estimated as 1.3-1.6 eV.[¥! It
is important to note that the deviatoric stress is the main driving
force of the dissociation process occur.[*! Wang et al. reported
PbS nanocrystals fused to form nanosheets under 14.5 GPa in
absence of pressure medium.%) Meanwhile, Shevchenko et al.
reported a series of nanocrystal superlattice behaviors under
high pressure in a DAC with Ar as the pressure medium, which
provides highly hydrostatic pressure conditions.’'! In the report,
a single-crystalline PbS nanocrystal superlattice kept shrinking
uniformly until 55 GPa without any evidence of nanocrystal
fusions.’! Lastly, another important role of nanocrystal sur-
factants is to serve as templates for nanocrystal fusions. After
surface segregation processes [Fig. 5(e—iii, iv)], the segregated
surfactants prevent nanocrystal fusion in unwanted directions.

The reaction at the surface of nanocrystals

After segregating surfactants from nanocrystals, a fusion of
nanocrystals can occur, resulting in materials with new mor-
phologies [see Fig. 5(c and d step-iii)]. This fusion process
relies on surface reactions between neighboring nanocrystals
to generate new chemical bonds [highlighted in red arrows in
Fig. 5(d step-iii)]. According to previous reports, three types of
bonds can be formed during fusion: metal bonds, ionic bonds,
and core—core physical touchings.!'® Depending on the bond,
the grain-boundary conditions in the resulting materials will
vary. When metal bonds are formed, materials with random
crystal domains can be obtained. Fan group’s series of reports
on gold™***J and silver’®*! nanowires fused from nanocrystals
in superlattices clearly showed polycrystalline domains. In
contrast, materials with ionic crystals tend to possess single
crystallinity in the resulting materials from the pressure-sin-
tered nanocrystals. Figure 5(b) shows an example of CsPbBr;
nanoplatelets fused from nanocubes, with high-resolution
TEM showing a large single-crystalline domain.®! Tonic
bonds are highly directional, defined by the crystal structure,
and do not allow for arbitrary orientation of crystal domains in
a material. Similar single crystalline materials resulting from
pressure-fused nanocrystals include PbSP%33! and PbSe.!
Another consequence for ionic crystal nanocrystals is that
they can be connected through core—core physical touchings.

Fan et al. reported nanowires of CdSe nanocrystals with poly-
crystalline lattice domains by pressurizing CdSe nanocrystal
superlattices.[*!]

Nanosized grain-boundary materials
Grain-boundary materials have designed crystal domains that
exhibit desirable functions.’* By controlling the size, shape,
and interfacial conditions of the crystal domains, one can
improve materials’ mechanical, electrical, and thermal proper-
ties of grain-boundary materials.!?%34]

We have recently developed a unique method to produce
grain-boundary materials called the “nanocrystal coining
method.”?¥] Figure 6(a) shows the basic procedure: nanocrys-
tals are synthesized [Fig. 6(a left)], and all surfactants are
removed through surface modifications followed by extensive
washing [Fig. 6(a middle left)]. The bare nanocrystals are com-
pletely dried under vacuum resulting in the formation of dry
nanocrystal powders [Fig. 6(a middle right)], which are subse-
quently solidified with piston-cylinder cells under c.a. 0.6 GPa.
The resulting ‘coin’ possesses materials integrity similar to bulk
materials with characteristic metallic appearance [Fig. 6(a.
right)].28) Importantly, the original nanocrystal size [as seen
in the TEM image in the left inset panel in Fig. 6(a right)]
is preserved as the crystal domains in the resulting materials
as depicted in the model in the center inset panel in Fig. 6(a)
right. The nanosized grain-boundary condition originates the
Hall-Petch effects enhancing the hardness values (H,) of the
materials, /7,=0.65 GPa for the gold nanocrystals coin (6.5 nm)
vs. Hy,=0.3 GPa for gold bulk materials.*

The advantage of this methodology is the ability to translate
nanocrystals’ properties into the resulting bulk materials.?®!
As proof of concept, we have produced the first examples of
single-component amorphous metals using palladium nanopar-
ticles.[?®) Palladium nanoparticles can take amorphous crystal
structures with the assistance of surface energy.>>% However,
bulk-sized single-component metals, including palladium, have
too high a crystallization tendency to form amorphous struc-
tures under normal conditions. We applied the nanocrystal coin-
ing method to amorphous palladium nanocrystals, preserving
amorphous atomic structures in the created bulk materials.!**]
These bulk materials exhibited both a shiny metallic appear-
ance originating from the surface polariton mode and high elec-
tric conductivity (10° A/m).[28]

The significance

The nanocrystal coining method allows unprecedentedly pre-
cise and highly controllable grain-boundary engineering.[*
Colloidal nanocrystals provide a vast library of materials with
various components, shapes, and sizes with sub-nanometer
controllability.['®37 The nanocrystal coining method can use
these nanocrystals as direct building blocks for grain-boundary
materials in a bottom-up fashion, which enables significantly
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precise materials designs over conventional methods for pro-
ducing grain-boundary materials.

By incorporating multiple kinds of nanocrystals or
nanocrystals composed of multiple kinds of materials (i.e.,
core—shell nanocrystals), highly designed composite materi-
als can be obtained such as solid dispersant composite mate-
rials.’®%%1 Additionally, leaving a small amount of surfactant
cluster-molecules on nanocrystals to the extent that it does not
interrupt nanocrystal fusion in the consolidation process could
work as controllable doping at the crystal-domain interface in
the resulting materials.!'®]

The surfactant

The absence of surfactant is crucial for the nanocrystal coin-
ing method.>® We found that an incomplete washing process,
which leaves a significant amount of nanocrystal surfactants,
results in failure in metallization after the coining process.

The reaction at the surface of nanocrystals

The main reactions for the nanocrystal coining method involve
metal bond formations at the nanocrystal surface [Fig. 6(¢)].
Metal bonds are flexible in bonding direction, allowing for
randomly oriented crystal domains in resulting materials
[Fig. 6(e)].?* Also, these bond formations in this methodol-
ogy occur under drastically lower pressure than the typical
nanocrystal fusion process (less than 1 GPa vs. 8—10 GPa),
owing to the high-surface energy of the bare nanocrystal
core.?® In addition, bare nanocrystals can bypass the sur-
factant dissociation process, which is another factor in achiev-
ing nanocrystal fusion under relatively low pressure.[** Due to
the low sintering pressure, the nanocrystal coining process can
be scaled up readily, as approximately 1 GPa can be generated
with a typical piston-cylinder, press machine, and other powder
metallurgy techniques.”

High-pressure phase materials

The phases of materials are governed by thermodynamics, but
there are some exceptions. An example is supercooled water,
which can remain in a liquid state below its freezing tempera-
ture as low as — 83°C.[9%6!] Such materials are in a metastable
state and are stabilized kinetically. Solid materials with high-
pressure phases at ambient pressure are also metastable materi-
als.'” Although materials with high-pressure phases have an
energetic penalty and are thermodynamically unfavorable,®!)
some reports have documented that nanocrystals can hold a
high-pressure phase even after the applied pressure is released.
Early work by Alivisatos’ group suggested that a small amount
of high-pressure phase of CdSe was detected after releasing
a pressure of about 10 GPa [Fig. 2(b)].’”) A study using PbS
nanocrystal superlattices by Wang et al. also reported 33—-37%
preservation of high-pressure phase (orthorhombic-base struc-
ture) after releasing pressure.[*”) However, the mechanisms
behind this phenomenon have not been fully clarified until a
recent report by the Cao group in 2022.117!
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Cao et al. demonstrated that preserving high-pressure phases
at ambient pressure can be achieved with adequate surface engi-
neering on nanocrystals.!'” Figure 7(a) shows the schematics
of this procedure. When nanocrystal superlattices are put under
high pressure, the superlattices become smaller and distorted,
and their crystal structures change to a high-pressure phase.
During this transformation process, the cores of the nanocrys-
tals can touch each other [highlighted in red and yellow atoms
in the models in Fig. 7(b and d)], leading to core—core physical
touching-network formation spreading throughout the superlat-
tices.!'”! The nanocrystal network would retain after releasing
the pressure, which provides a huge activation energy, making
the metastable high-pressure phase at ambient pressure stable
enough to survive for at least 7 years.!!”] This method can be
robustly applied to CdSe, CdSe@CdS, and CdS nanomaterials
with a variety of shapes and structures.[!”]

The significance

Many materials with high-pressure phases exhibit desirable
functions such as superconductivity, fluorescence, mechanical
properties, etc.l'?] This methodology can potentially bring
these fundamental studies under high pressure into real tech-
nologies without holding externally-applied pressure in the
materials. In addition, these metastable phase materials pos-
sess a high-energy state, which could exhibit distinct chemical
reactivity or catalytic properties.[”*!

Moreover, this process is scalable as it causes irreversible
structural changes at the atomic level. While a single pressing
process using a DAC can handle only a relatively small amount
of sample, multiple pressing processes or pressurizing with a
larger pressure cell, such as multi-anvil cells, can enable the
production of large-scale metastable materials.

The surfactant

This methodology relies on the surfactants of nanocrystals in
multiple roles, and both qualitative and quantitative controls
on surfactants are necessary for the successful preservation of
high-pressure phases.!'”! Figure 7(c) shows WAXS (wide-angle
X-ray scattering) and SAXS patterns collected during compres-
sion and decompression at different pressures for superlattices
of 4.8-nm CdSe nanocrystals with three different surface states;
the CdSe nanocrystals were functionalized with octylamine of
(i) 92% surface coverage, (ii) 62% surface coverage, and (iii)
capped with a mixture of octylamine and cetyltrimethyl ammo-
nium bromide (CTAB) (with a molar ratio of 5:1) of 63% sur-
face coverage.!!”) The WAXS patterns after releasing pressure
in (i), (ii), and (iii) show 0%, 50-60%, and 100% of high-pres-
sure phase rock-salt structure was preserved, respectively, dem-
onstrating the ligand-tailorable reversibility in superlattices.!!”’
The requirements for surfactants to achieve high-pressure phase
preservation are as follows. Firstly, the surfactants assist in the
formation of the nanocrystal-network architecture. For this rea-
son, the molecular length must be adequate (c.a., 2 nm), and the
density must be high enough (i.e., more than 40%).[!7) At the
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same time, surfactant molecules should not prevent nanocrystal
cores from touching each other under high pressure. Therefore,
molecules that are too long, too densely packed on the surface
(over 80%), and too strongly bound to nanocrystal cores are
not suitable.'” Successful nanocrystal-network formation can
vary depending on the nanocrystal components. For example,
CdS nanocrystals can preserve the high-pressure phase rela-
tively easily with 95% coverage of octylamine, while CdSe
nanocrystals require special treatments to weaken the binding
energy by adding CTAB to the surface.['”]

The reactions at the surface of nanocrystals
Pressurized nanocrystal aggregates form a core—core physical
touching network. Computer model studies [Fig. 7(d, e)], high-
resolution TEM images, conductivity measurements, and struc-
tural characterization using X-ray scattering suggest that there
are physical associations between nanocrystals but not through
chemical bond formations that can fuse nanocrystals.!' /! Direct
observation of the interface reaction between nanocrystals is
not possible, however, the association between nanocrystals
provides energetic stability to nanocrystals holding high-pres-
sure phase at least 1.3 eV per particle for the rock-salt -to- zinc-
blend solid phase transformation.[?! A deeper understanding
of the nature of the nanocrystal network could lead to further
generalizations of high-pressure phase preservations.

Perspectives and challenges

We have introduced state-of-the-art materials created by high-
pressure nanochemistry, emphasizing the importance of the
surface.l'% There are several foreseeable advances in the exten-
sion of these achievements. For grain-boundary materials, fur-
ther intricate grain-boundary designs (such as solid dispersant
composite materials)>®°? could be achieved using suitable
starting nanocrystals such as core—shell nanocrystals, hybrid

nanocrystals, multicomponent nanocrystals.[3] Materials mold-
ing designed for specific applications could be achieved by com-
bining existing techniques such as 3D or inkjet printing[¢4¢°!
using nanocrystal-dispersion as the ink and powder metallurgy
techniques.l*”) Another promising avenue is high-pressure
chemical reactions between nanocrystals. Alloying processes,*®!
solid—solid metathesis,[®®! and reactions at the surface and
interfacel®”! could be subjected to high-pressure driven reac-
tions. Taking advantage of the ability to tune many important
parameters leading to tunable reactivity, such as nanocrystal size,
surface, and components, we can expect to explore solid state
chemistry that would lead to high efficiency and novel reactions.

To achieve these exciting goals, a deeper understanding and
quantitative analysis of the nanocrystal surface is critical.l®®]
However, assessing the surface is challenging due to the lack of
direct observation techniques. Fortunately, recent technologi-
cal advancements have enabled us to investigate nanocrystal
surfaces in greater detail than ever. This section introduces
experimental and cutting-edge characterization techniques
for accessing nanocrystal surfaces, which could be helpful for
further advancing our understanding about high-pressure sur-
face nanochemistry. Table I summarizes these methods, and we
explain each method below.

Dispersion experiments

Dispersion experiments are a common and easy method for
checking if nanocrystals retain good surfactant states in aggre-
gates.!*) In this experiment, pressurized nanocrystal aggre-
gates are exposed to good solvents. For typical nanocrystals
capped by hydrocarbon-chain-based molecules, good solvents
are non-polar solvents like toluene, hexane, and cyclohexane.
If only van der Waals bonds are formed between nanocrystal
aggregates and the nanocrystals still have their original sur-
factants, the nanocrystals will form a stable dispersion. How-
ever, if stronger chemical bonds, such as metal bonds or ionic
bonds, are formed between nanocrystals or if surfactants are

Table I. Proposed characterization methods for surface of nanocrystals and grain-boundary conditions for high-pressure experiments.

Methods Pros

Cons

Dispersion experiment
Advanced TEM

Easy experiments

cores

Conductivity Measurement
destructive

Accurate and direct observation of atomic structures of NC inorganic

Evidence of nanocrystal network. /n-sifu measurement in a DAC. Non-

No quantitative data

Expensive instruments. Organic
surfactant cannot be detected

Semi-quantitative information

Single-crystal X-ray diffraction Accurate and direct observation of atomic structures of both NC cores and Sample preparation (single crys-

surfactants. /n-situ measurements in a DAC

Neutron scattering
situ measurements in a DAC

FTIR and Raman spectrum
DAC

Weight analysis (TGA and ICP) Feasibility. Quantitative analysis. Well-established methodology

XES and XAS

Simultaneous characterization of both nanocrystal surface and core. In-

Can monitor the molecular transformation. /n-situ measurements in a

Detailed atomic information. /n-situ measurements in a DAC

tals) could be challenging for
NCSLs

Synchrotron light source is needed

Semi-quantitative information

Sample will be destroyed
Synchrotron light source is needed
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dissociated from nanocrystal cores during the pressurizing pro-
cess, a good solvent cannot disperse the nanocrystals.

Advanced transmission electron
microscopy

TEM has witnessed drastic advancements in the last decade,
enabling ultrahigh-resolution characterizations of nanomate-
rials, including complete 3D atomic tomography and grain-
boundary conditions with state-of-the-art TEMs.[>>*7!l These
techniques can help us to iterate nanocrystal surface behav-
iors.>3%70 The Miao group has developed a 3D atomic tomog-
raphy technique with an accuracy of the atomic resolution,
enabling precise determination of atomic positions and lead-
ing to a better understanding of nanomaterials’ surface.> The
Ikuhara group has reported a series of microscopic techniques
to visualize grain-boundary conditions in condensed materi-
als.[®7% While the characterization of organic surfactants has
remained challenging,!’!! cryo-TEMs, which have been used to
successfully visualized soft materials,!””) would enable direct
observation of total colloidal nanocrystal structures including
inorganic cores and organic surfactants.

Conductivity measurements

Conductivity measurements can determine whether nanocrys-
tals’ inorganic cores have connections throughout the sam-
ples.'728] Typically, aggregated nanocrystals exhibit high
electrical resistivity (<0.01 S/m) due to insulating organic mol-
ecules that block electrons from passing through.?®! However,
when inorganic nanocrystal cores (e.g., metals and semiconduc-
tors) form connections, the connections provide electron path-
ways, resulting in highly enhanced conductivity (> 10* S/m)
even when the materials are embedded with organic surfactant
molecules.!*®! Conductivity measurements cannot provide
detailed information on the bond nature, but they can detect
physical touch between nanocrystals in the pressurized state
without disassembling the nanocrystal aggregate. In addition,
in situ conductivity measurements during the pressurizing pro-
cess with a DAC have been well studied,!”*) allowing real-time
observations of nanocrystal formation networks.

Single-crystal X-ray crystallography

Applying single-crystal X-ray crystallography to colloidal
nanomaterials visualizes all atomic positions of materials. Jin
reported a series of gold clusters that were crystallized in a sin-
gle crystal, and the single-crystal X-ray crystallography meas-
urements were taken to illustrate all accurate atomic positions
of the surfactants and cluster cores.’ Importantly, single-
crystal X-ray crystallography can be equipped with a DAC,
allowing for in-situ high-pressure experiments with monitoring
the pressure response.l””! While it is an ultimately powerful
technique to make whole structural information available to
scientists, sample preparation with high structural uniformity
and maintenance of single crystallinity under pressure will be
key requirements for successful measurements of this kind.[’®]

938 W MRS COMMUNICATIONS - VOLUME 13 - ISSUE 6 - www.mrs.org/mrc

Neutron scattering

Small-angle neutron scattering has been widely used to char-
acterize biomolecules and self-assemblies of organic mol-
ecules.[’’) Neutron scattering can take advantage of the large
difference in scattering cross-sections between hydrogen and
deuterium, making it possible to highlight organic surfactants
using contrast variation when solvent or ligand are replaced
with deuterium-based substituents.[’®7° Recently, researchers
have applied this technique to successfully visualize surfactant
molecules on nanocrystals. Stellacci et al. demonstrated the 3D
visualization of gold nanocrystals and their surfactant profiles
were clearly proven from the scattering spectrum and spec-
trum fitting.[’®) Neutron scattering is also readily equipped with
DAC,®% which enables simultaneous in-sifu measurements
of nanocrystal cores and surfactants in response to applied
pressure.[8!]

Fourier transfer infra red (FTIR)

and Raman spectroscopy

FTIR and Raman spectroscopies are commonly used to char-
acterize nanocrystal surfaces and can be equipped with a DAC
for in-situ measurements.’>”-”3] While both techniques are typi-
cally considered semi-quantitative and may make it difficult to
track the movement of surfactant molecules on or away from
nanocrystals, they offer the ability to investigate the molecular
state of the surfactant assessing how they react under high pres-
sure when surfactant molecules are reactive in pressure experi-
ments.l”* For example, inorganic clusters like Cd,Se; clusters
can be turned into CdSe crystals under high pressure and should
show high reactivity. By exploring these reactions, we may be
able to establish new pressure-driven chemical reactions.

Thermal gravitational analysis

and elemental analysis

One of the most commonly used experimental techniques to
quantify the amount of surface area is to determine the weights
of surfactants and nanocrystal cores separately using thermal
gravitational analysis (TGA) or elemental analysis such as
inductively coupled plasma mass spectrometry (ICP-MS).['"]
The procedure is, provided that nanocrystals are highly uniform
and the total surface area can be calculated, we can obtain the
surface density by dividing the surfactant amount by the surface
area. Then, the weight ratio between organic surfactants and
nanocrystal cores is determined, leading to the determination
of the ligand density.[®] Subsequently, we can calculate the
surface coverage by dividing the density by the density of a
100% coverage ratio, which was obtained from previous exper-
iments and simulations and is typically arbitrarily 5 molecules/
nm?2.2% In TGA, the instruments heat samples and measure
weight change during the heating process. Typically, organic
surfactants burn at 250—600°C while inorganic nanocrystal
cores remain.!'” Similarly, quantitative elemental analysis such
as ICP-MS can determine the organic—inorganic weight ratio.
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X-ray emission and absorption
spectroscopy!?#52

X-ray emission and absorption spectroscopies are highly sen-
sitive characterization techniques using absorption edges of
certain elements, providing element-specific structural infor-
mation. These techniques are used to characterize the surface
state of nanocrystals.'®? A review paper by Shen and Mao com-
prehensively summarized high-pressure X-ray emission and
absorption spectroscopies.**!

Coda
To conclude this perspective paper on the promising research
field, we highlight important research about quasicrystal mete-
orites. In 2016, a group led by Steinhart discovered a meteorite
containing an aluminum-based quasicrystal alloy.®®* Quasicrys-
tals were first discovered and conceptualized by Dan Shecht-
man in 1984 in a Fe-Mn alloy,®™ which revolutionized the
field of crystallography and brought him the Nobel Chemistry
award in 2011. The quasicrystal-containing meteorites found
by Steinhart formed 4.6 billion years ago in the Solar nebula.®3]
Subsequent work on these naturally formed quasicrystals
revealed that they were kinetically formed under high-pressure
during meteorite collisions.[®>%¢! This is just one example of
many interesting pressure-driven reactions that occur in nature
long before human discovery. In other recent research, scien-
tists found a diamond in a meteorite,”®”! while in another study,
insights about the inner mantle core were obtained through
DAC experiments.[*) Our world was created through the art of
pressure, and high-pressure surface nanochemistry can mimic
reactions at these geological events.[>58]

All chemical reactions, either in the lab or in nature, start with
a physical interaction between molecules, making it natural to
understand that the surface is the primal place to study the reac-
tions of nanocrystals. Therefore, while this perspective paper
focuses on the impact on materials science, this topic should
provide important insight to other relevant research areas, such as
geology, and mechanochemistry. By overcoming the challenges
discussed in this article, this research topic could potentially real-
ize the promise to greatly “impact” the entire scientific field.
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