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Through diversity of composition, sequence, and interfacial structure, hybrid materials greatly 
expand the palette of materials available to access novel functionality. The NSF Division 
of Materials Research recently supported a workshop (October 17–18, 2019) aiming to (1) 
identify fundamental questions and potential solutions common to multiple disciplines within 
the hybrid materials community; (2) initiate interfield collaborations between hybrid materials 
researchers; and (3) raise awareness in the wider community about experimental toolsets, 
simulation capabilities, and shared facilities that can accelerate this research. This article 
reports on the outcomes of the workshop as a basis for cross-community discussion. The 
interdisciplinary challenges and opportunities are presented, and followed with a discussion 
of current areas of progress in subdisciplines including hybrid synthesis, functional surfaces, 
and functional interfaces.

Introduction
Hybrid materials with tailored interfaces have led to emergent 
opportunities with exciting future research directions, many of 
which tie into three of the US National Science Foundation’s 
(NSF) 10 Big Ideas, including Quantum Leap, hold promise 
for expanding Understanding of the Rules of Life, and stand 
poised to benefit from Harnessing the Data Revolution. 
Hybrid materials combine two or more distinct atomic or 
chemical phases, and the interface between these phases 
often plays a crucial role in determining the overall material 
properties through its effects on modulating flows of charge, 
mass, and energy. These hybrids can take almost an infinite 
variety of forms, yet designing, predictively synthesizing, and 
understanding their function and dynamics is essential if the 

structure–property relationships are to become known and 
rendered programmable.

Hybrid materials and interfaces were recently highlighted as 
a crucial topic for future materials research by the decadal report 
from the US National Academies on the Frontiers of Materials 
Research, which devoted two sections to composites and hybrid 
materials, highlighting recent progress and opportunities.1 The 
subfields researching hybrid materials often operate in isola-
tion from one another, despite sharing fundamental interfacial 
questions in different materials contexts. These subfields broadly 
include soft-matter, self-assembly, additive deposition, epitaxy, 
and metal–organic frameworks. The translation of knowledge 
and concepts between these subfields is unfortunately obfus-
cated by separate conferences and distinct jargon.
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The Solid State and Materials Chemistry (SSMC) program 
within the NSF Division of Materials Research requested and 
recently supported a workshop (October 17–18, 2019) with 
the goals of placing a larger umbrella around hybrids and 
interfaces to foster interfield exchange and dialog, as well as 
to accelerate ongoing research activities in a similar spirit as 
the Materials Genome Initiative. Through diversity of com-
position, sequence, and interfacial structure, hybrid materials 
greatly expand the palette of materials available to access novel 
functionality. Approximately 50 invited participants attended 
the workshop, from a variety of hybrid-related subfields. The 
goals of the workshop were to (1) identify fundamental ques-
tions and potential solutions common to multiple disciplines 
within the hybrid materials community, (2) initiate interfield 
collaborations between hybrid materials researchers; and 
(3) raise awareness in the wider community about experimen-
tal toolsets, simulation capabilities, and shared facilities that 
can accelerate this research. The workshop sought to answer 
the fundamental question of how combinations of materials 
with tailored interfaces can be designed to manifest emergent 
properties and provide functionality (much) more than the 
sum of their parts. Ultimately, the aim was the translation of 
knowledge, approaches, and conceptual frameworks between 
the disparate subdisciplines that are each actively researching 
different types of hybrids and interfaces with a view toward 
identifying unifying themes in interfacial chemistry.

This article reports on the outcomes of the workshop, as 
a basis for cross-community discussion. The interdisciplinary 
challenges and opportunities are presented first, and followed 
with a discussion of current areas of progress in particular 
subdisciplines, including hybrid synthesis (self-assembly, 
additive deposition, epitaxial interfaces, and metal–organic 
frameworks) and separately, functional surfaces and func-
tional interfaces.

Challenges and opportunities in hybrid 
materials chemistry research
Opportunities for hybrid materials synthesis 
Opportunities in generating new compositions of hybrid mate-
rials require advances in our knowledge of the elementary 
steps of hybrid assembly. A challenge is that crystal growth 
and assembly of hard and soft components operate on disparate 
length scales (nanometer tuning of organic functional groups 
with inorganic particles having surface defects that span tens 
of nanometers to microns) and energy scales (covalent bond-
ing on the order of 102–103 kJ/mol to van der Waals forces 
on the order 1–10 kJ/mol). Precursor selection in materials 
synthesis is often based on intuitive notions (e.g., solubility 
in a given solvent, the presence of counterions that are non-
coordinating) that can be difficult to translate when preparing 
new compositions of matter. Even within a given composition, 
scaling up reactions can be difficult because hybrid assembly 
is often controlled kinetically.

Conventional energy-intensive synthetic methods that are 
the mainstay of metallurgy, ceramic science, or solid-state 

chemistry rely on precursors starting at an initially high-
energy state and efficiently making their way toward equilib-
rium by sampling the energy landscape and dissipating the 
excess energy without being trapped2 in shallow metastable 
states (Figure 1).3 In contrast, the shallow energy landscapes 
of hybrid materials and interfaces offer a richness of function-
ality matched only in complexity of navigation, as illustrated 
for crystalline interface in Figure 1a–b. The shallow energy 
landscapes nevertheless result in materials architectures that 
are history/processing-dependent in the specifics of their inter-
facial structure and resulting functionality. Process changes 
thus result in different observed properties, sometimes a con-
volution of multiple states, but also sometimes enabling dis-
tinct novel states.

Two opportunities to address this challenge at the level 
of synthesis are (1) harness kinetic control by making use of 
kinetically trapped states2,4–7 (note the shallow wells in Figure 
1b) and intermediates, which add new capabilities beyond 
the equilibrium limits of both composition and morphology 
control, and (2) harness equilibrium control by constructing 
composition/structure phase diagrams for complex hybrid 
materials. Cues from model systems such as hybrid organic/
inorganic layered perovskites8 and liquid-crystal phases9 rep-
resent a reasonable starting point for other systems (Figure 2). 
These systems exemplify synergies between synthetic chem-
ists (inorganic and organic for perovskites and liquid crystals, 
respectively) navigating reaction trajectories to arrive at syn-
thetic targets and physical modeling of structure–property rela-
tionships for applications in catalysis, solar cells, and displays.

Opportunities for juxtaposing different materials 
as new types of hybrids 
The desire to discover new and emergent phenomena requires 
consideration of how different parts come together so that the 
whole is greater than the sum of the parts. This consideration 
becomes important when juxtaposing different materials to 
form new hybrids. Different materials brought together to 
form a hybrid must be synergistic; otherwise, they will work 
against each other to defeat the original properties that ini-
tially imparted functionality to the individual components. 
One should avoid heterogeneous materials where the hetero-
geneity detracts from the materials properties (but learn from 
model systems so that one can extrapolate to the myriad het-
erogeneous materials found in nature and functional devices). 
Instead, the community wants to discover new phenomena or 
improved properties that arise from the juxtaposition of dispa-
rate materials. This concept of matching individual parts cor-
rectly means that one must consider at what energy and length 
scale one wants the juxtaposition to occur and the coherence 
in structure across the interface. Choices of length scale 
can include anything from the atomic scale as in inorganic–
organic hybrids or epitaxially matched interfaces (Figure 1c) 
to nanometer-sized dimensions in bulk heterojunction solar 
cells and architected battery electrodes to the micrometer as 
in biomaterials.
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Instead of preparing randomly heterogeneous materials, we 
aim at building heterostructures such as those shown in Figure 3.  
The difference between the two words—heterogeneous and 

heterostructure—implies that we focus on how we structure 
two different materials and especially the interface between 
them. A recent effort in this area includes the preparation 
of heterostructures constructed from layering disparate 2D 
materials with each other, yielding not just compositional 
diversity but a vast array of configurations corresponding to 
the twist angle between overlaid layers.10,11 For example,11 
van der Waals heterostructures such as graphene/hexagonal 
boron nitride/graphene, and MoS2/WSe2 can yield electronic 
and optoelectronic properties from the composite that do 
not exist in the individual components, and twisted bilayers 
of graphene display tunneling signatures dependent on the 
twist angle of the stack. The juxtaposition of these layers is 
key toward promoting emergent phenomena, and one area 
of interest that spans several disciplines is that of quantum 
materials.

We broadly categorize quantum materials to include 
superconductors, topological insulators, Weyl semimetals, 
highly correlated electron systems, 2D materials, and quan-
tum spin liquids.12 Figure 3 shows a schematic of the jux-
taposition of two layered materials to effect new magnetic 
phenomena in 2D. Likewise, the interfacing of dielectric 
layers can give rise to a remarkable 2D electron gas. The 
mechanisms toward achieving new emergent phenomena are 
numerous and varied, including spin–orbit coupling between 
the layers, strain engineering, superexchange, charge trans-
fer, and several others. Such juxtapositions can be achieved 
via physical means such as exfoliation and stamping or 
through chemical means in solution to scale up production 
of heterostructures with larger lateral dimensions.13

As in the previously discussed example with heterostruc-
tured quantum materials, our motivation for pursuing hybrid 
materials includes tackling grand scientific challenges. Taking 
on such multifaceted problems encourages a cross-pollination 
of different disciplines and also pulls together research groups 
with different synthetic strategies. Grand challenges include 
developing materials that enable the quantum or neuromor-
phic computing revolution, materials for catalysis, and materi-
als for energy and environmental sustainability. The scientific 
opportunity is in better understanding the interfacial science 
of constructing the optimal juxtaposition of disparate mate-
rials to promote emergent phenomena and deterministically 
modulate flows of mass, charge, and energy.

Opportunities for mixed  
hydrophobic–hydrophilic hybrids 
Hydrophobic–hydrophilic hybrid materials encompass a wide 
range of compositions and morphologies, from Janus parti-
cles14 to block copolymers15 to hybrid surfaces (Figure 4).16 
From a fundamental standpoint, such hybrids bring together 
highly dissimilar materials into close contact, which can lead 
to interesting new functionalities. Inspiration can be gleaned 
from nature’s hydrophobic–hydrophilic hybrids such as lipid 
bilayers, where self-assembly leads to frustrated confinement 
of the lipid hydrophobic tails and creates a lateral pressure 

Figure 1.  (a) Schematic illustration of interfaces between 
crystalline materials. With permission from J.L. Andrews, 
Texas A&M University. (b) Free-energy landscape illustrating 
thermodynamic minimum and shallow local wells corresponding 
to metastable states. Adapted with permission from Reference 
3. © 2018 American Chemical Society. (c) A lattice-resolved 
high-resolution transmission electron microscope image of a 
HfO2/V2O3 interface. Reprinted with permission from Reference 
2. © 2019 Royal Society of Chemistry.



954 MRS BULLETIN • VOLUME 45 • NOVEMBER 2020 • mrs.org/bulletin

Frontiers in hybrid and interfacial materials chemistry research

profile of several hundred atmospheres within just a few nano-
meters!17 This lateral pressure profile leads to mechanosensi-
tivity and is important for touch, hearing, and osmoregulation 
in biological organisms.

Synthesis of new hydrophobic–
hydrophilic hybrid materials will ben-
efit from improved understanding of the 
kinetic and thermodynamic factors, as 
previously noted, to devise new combi-
nations and morphologies. For materials 
characterization, opportunities exist for 
fundamental understanding of collective 
phenomena in hydrophobic–hydrophilic 
hybrids, understanding the dynamical 
evolution of structure in these systems 
in the presence of fluids, and how that 
structure affects properties such as trans-
port under confinement. Progress in this 
area will require advanced characteriza-
tion, model materials, and computa-
tion. From a property standpoint, such 
approaches can lead to self-folding mate-
rials, switches, water transport conduits, 
nanoreactors, and new energy storage 
concepts.

Opportunities for hard-soft 
material hybrids 
When soft and hard materials are mixed 
into a hybrid material, the result may be 
the sum of the parts (i.e., a composite 
material) or exhibit entirely new and 
unusual behavior (i.e., emergent behav-
ior). Prototypical hard materials include 
crystalline periodic solids, covalently 
bound allotropes such as diamond, and 
amorphous cross-linked networks. Soft 
materials include polymers, biological 
macromolecules, and supramolecular 
assemblies. In contrast, a number of 
materials are intermediate between soft 
and hard, including graphite and carbon 
nanotubes.

A major inspiration here are the 
emergent properties from biological 
hard/soft hybrids (e.g., teeth-tissue, 
bone regeneration, shells). Soft/hard 
hybrid materials can be expected to 
be self-adaptable and dynamic, exhibit 
cooperative function, and have struc-
ture that can be regulated from the 
atomic to the macroscale maintaining 
remarkable fidelity of form through 
the incorporation of self-correcting 
and replicating motifs. Ultimately, it is 

desired that one can predict structure–property outcomes of 
soft-hard hybrid materials.18 Advancing property control in 
hard-soft hybrids requires chemists and materials scientists 
to face the challenge of developing a deeper understanding 

Figure 2.  (Top) Intercalation reaction pathways in layered perovskites. (Bottom) Ternary 
phase diagram for lamellar (L) versus hexagonal (H) liquid-crystal formation from Reference 
9. (Top) Adapted with permission from Reference 8. © 2002 American Chemical Society. 
(Bottom) Adapted with permission from Reference 9. © 2002 American Chemical Society.
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of buried interfacial phenomenon where strain mismatch 
and related energy terms are connected to diffusive trans-
port, heat transport, and charge transport. Hard-soft materi-
als composed of more than two materials can be regarded 
as a particularly exciting frontier for materials design.19 
Opportunities can be expected to involve the development 
of new techniques to synthesize unique interfaces, chiral 

materials, and anisotropic materials 
with impact in areas such as biology, 
optics, additive manufacturing, nano-
electronics, energy storage, and three-
dimensional (3D) printing.

Opportunities for theory 
and computation in hybrid 
materials 
Methods covering wide ranging time and 
length scales are now well-established 
for computing the electronic structure 
of solids, providing regular insights into 
transport, optical, magnetic and dielec-
tric behavior, with more accurate and 
more expansive methods constantly 
under development.20 In parallel, the 
ability of computational methods to pre-
dict new solid-state compositions with 
potentially attractive materials properties 
is advancing to the point that synthetic 
efforts aimed at computation-guided tar-
gets are increasingly common.21

The importance of interfaces has 
long been recognized in solid-state 

chemistry. Interfaces and modified surfaces are regularly 
used to tune electronic and optical properties. Density func-
tional theory (DFT) methods can predict interface interac-
tions, including lattice mismatches and binding energies, 
although with some constraints on structure size and envi-
ronment requiring more accurate treatments of electron cor-
relation. Larger-scale simulations, such as classical molecular 

dynamics, can be helpful, particularly 
for dynamically evolving interfaces 
such as those subjected to electric or 
strain fields, but reliable interatomic 
potentials for increasingly specialized 
and complex systems are required. 
Current interest in hybrid materials 
based on low-dimensional structures, 
such as single layers on surfaces and, 
ultimately, the promise of designer 
heterostructures with chemically dis-
similar components, will require new 
computational approaches to inform 
about increasingly complex materi-
als. In addition to approaches aimed at 
electronic structures, there is an oppor-
tunity for models to predict the hierar-
chical assembly of hybrid materials and 
for understanding the individual and 
collective elastic properties in hybrid 
materials. The predictive navigation of 
reaction trajectories as exemplified in 
Figure 1b necessitates not just static 

Figure 3.  The juxtaposition of two different materials, each with its own crystal structure 
and chemical composition, coming together to form a heterostructure. The interaction 
between the two at the appropriate energy and length scales include charge transfer, 
strain, superexchange, spin–orbit coupling (SOC) among others. These interactions will 
lead to new, emergent phenomena that will be key to the field of quantum materials, energy 
conversion, and energy storage, among other applications. Reprinted with permission from 
Reference 10. © 2019 AAAS.

Figure 4.  Examples of hydrophobic/hydrophilic materials and interfaces. (a) Reprinted 
with permission from Reference 14. © 2011 Royal Society of Chemistry. (b) Adapted 
with permission from Reference 140. © 1995 American Chemical Society. (c) Adapted 
with permission from Reference 139. © 2011 Elsevier. (d) Adapted with permission from 
Reference 16. © 2014 Elsevier.
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modeling, but an awareness of energy landscapes and their 
dynamical evolution over the course of a reaction.

Data mining and machine learning methods are advanc-
ing rapidly and there is great hope for new models to better 
understand how solid-state materials perform in complex sys-
tems and devices. Hybrid materials, such as the metastable 
Mo2AlB2-based 2D nanosheet heterostructures discussed in 
Reference 21, provide a great opportunity for exploring these 
approaches. However, data sets relevant to materials chemis-
try are extremely small relative to true Big Data applications, 
requiring modified machine learning models. Platforms for 
gathering and making available more experimental data sets, 
beyond those that make it into published journal articles, can 
aid these developing tools as well as the adoption of algorithms 
such as sequential learning methods (e.g., some Bayesian pro-
cesses) that allow for efficient navigation of design spaces in 
search of not just singular objectives but that can evaluate 
the tradeoffs between different physical properties. Last, it is 
noted that predictive studies to guide the synthesis of hybrid 
materials are less common and thus an attractive direction of 
further development.

Infrastructure needs for characterizing hybrid 
materials 
Hybrid materials have electronic states, chemical composition, 
and mechanical properties that can vary across a wide range of 
length scales. Ideally, structural data could be obtained in situ 
with high temporal resolution, allowing researchers to follow 
phenomena occurring during dynamic processes such as nano-
crystal synthesis,22 solar cell function,23 battery operation,24 
and quantum state evolution at ultralow temperatures.25 This 
structural information should be generated and analyzed rap-
idly enough to provide useful feedback for materials optimiza-
tion, while being accessible to a wide variety of researchers.

A variety of tools exist for structural characterization on 
different length scales, as summarized in Table I. Advances in 
electron microscopy have been especially notable, including 
improvements in sample preparation and damage minimiza-
tion,26–29 and new techniques that enable the study of liquids30 
and biomaterials.31 But there is a clear need to make these 
advanced techniques more widely available, and to develop 

complementary tools with similar spatial resolution. Goals 
for future infrastructure development to facilitate the study of 
hybrid materials include:

1.		  Develop geographically distributed centers for state-of-
the-art electron microscopy and ultrafast time-resolved 
spectroscopy that are accessible to a wide variety of prin-
cipal investigators, ideally via remote operation.

2.		  Develop new experimental tools for ultrahigh-resolution 
structure characterization. Any proposed method should 
address 3D penetration, buried interfaces, in situ capability, 
sample preparation requirements, and sample damage.

3.		  Develop lower cost imaging tools (e.g., tabletop micro-
Raman, atomic force microscopy, surface sum frequency 
generation, and x-ray absorption spectroscopy) that can 
be used by individual laboratories to rapidly characterize 
large area (1 mm2) samples and enable probing of local 
and not just average atomic structure.

In terms of human resources, there is a shortage of people 
who possess expertise in both state-of-the-art characterization 
tools (e.g., ultrahigh resolution transmission electron micros-
copy) and materials synthesis and applications. Suggestions 
for bridging this gap include:

1.		  Encourage imaging specialists to work closely with materi-
als researchers.

2.		  Promote student and principle investigator (PI) travel to 
microscopy centers.

3.		  Grow expertise with students and postdoctoral researchers 
in all facets of sample preparation, instrument operation, 
and data analysis.

Education and training needs for hybrid 
materials research 
It is obvious that no one person or research group can possess 
all the expertise required to develop the next generation of 
functional hybrid materials. Consequently, there is a need to 
increase participation, train, and educate persons from different 
disciplinary backgrounds to advance the field. Three different 
populations are relevant: the general public (K–12 students, 

Table I.  Overview of different techniques used for characterization of multicomponent materials. 

Spatial 
Resolution

Elemental 
Composition

Electronic Structure/
Bonding

Sample 
Preparation

Sample 
Damage

Technique  
Accessibility

Depth  
Penetration

Electron Microscopy 0.1 nm EDX, EELS LEELS, Aloof EELS, 
Cathodoluminescence

High High University/National 100 nm

X-Ray Microscopy 30 nm XAFS, XPS XAFS, XPS, STXM, 
Ptychography

Moderate Moderate National 1000 nm

Scanning Probe Microscopy 0.1 nm No No Moderate Low Individual labs Surface only

Light Microscopy 200 nm No Fluorescence, Raman Low Low Individual labs 1 mm

Note that standard electron and x-ray diffraction techniques provide high resolution (<0.01 nm) structural information, but this is averaged over larger 
sample areas, which can obscure the details of how the hybrid material is organized.
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teachers, policymakers, and the broader public), higher educa-
tion communities (administrators, college/university students, 
academics, and research scientists), and other scientists (in 
other disciplines and nonacademics). Several goals for train-
ing and education are apparent: (1) to take hybrid materials 
science to members and nonmembers of the hybrid materials 
community in an accessible way,32 (2) increase the perceived 
value of hybrid materials science, and (3) to battle misinfor-
mation. In an era of technology-driven innovation, the field of 
hybrid materials should move to digitally transform content, 
increase the online presence, widely disseminate and create 
virtual training opportunities, and enable the development of 
outreach activities with the capacity to have national impact. 
These efforts to broadly train and educate using digital plat-
forms could meet the previously mentioned goals.

In regard to how to recruit, educate, and train students at 
various stages, one might argue that there is a lack of visibility 
of existing resources for learning about hybrid materials. The 
development of an online repository for existing and newly 
developed educational resources could mitigate this aspect and 
widen the audience and interest for hybrid materials research. 
In developing new pedagogical material, these should provide 
a personal and sensorial experience to the learner to improve 
retention, learning and understanding.33–38 There is currently no 
comprehensive textbook on hybrid materials,39–42 as this is a 
rapidly evolving field. If we aim to recruit, train, and educate 
the next generation of research scientists, there is an urgent 
need to develop a public domain (editable–peer reviewed) text-
book within a curated online repository. The textbook could 
serve to integrate materials science topics at an early stage in 
the curriculum, enable a deep understanding of the instrumen-
tation used to characterize materials, connect to the broader 
implications of materials research on improving our quality of 
life, and increase interest in pursuing research experiences and 
careers in materials science and related fields. Perhaps taking 
on a project of this magnitude could also serve to unite key 
members of the community and propel collaborative projects 
aimed to reach new frontiers in hybrid materials research.

Perspectives from subdisciplines of hybrid 
materials research
Hybrid materials synthesis 
Self-assembly
Self-assembly is one of the most commonly used bottom-up 
approaches for hybrid material synthesis.43–46 A self-assembly 
process typically utilizes noncovalent interactions between 
the core components being assembled with consideration of 
both topological structure of molecules/nanoparticles and the 
nature of functional groups at the interface. While the overall 
principle of self-assembly processes is thought to still fall into 
the classical lock-key model, properly and correctly incorpo-
rating functional groups that can form cooperative noncova-
lent interactions to strengthen the overall assemblies is still a 
significant challenge for hybrid materials synthesis, particu-
larly for soft hybrid materials.

Typical functional groups involved in self-assembling 
processes include (1) ionic species such as anionic carbox-
ylate, sulfate, and phosphate, as well as cationic ammonium 
and pyridinium;44 (2) molecules/nanoparticles involving 
organic ligands and transition-metal ions that form coordina-
tion bonds at the interface (e.g., metal–organic frameworks 
[MOFs]);43,47 (3) hydrogen bonding substituents such as a car-
boxylic acid, hydroxyl, amine, pyridine, and imidazole; (4) 
substituents with large dipoles (e.g., carbonyl, cyano, nitro, 
trifluoromethyl) and quadrupoles (e.g., phenyl, perfluorophe-
nyl); and (5) substituents with large polarizability such as 
sulfur-containing π systems (e.g., thiophenyl) and bromine- and 
iodine-containing electron-deficient substituents (e.g., –CF2Br, 
–CF2I).48–57 These functional groups are used for self-assem-
bling inorganic–inorganic (e.g., nanoparticles), inorganic–
organic, and organic–organic hybrid materials. Often these 
hybrids utilize one of the many types of noncovalent binding 
forces with limited cases utilizing two or more cooperative 
binding interactions that were first discovered and used in 
coordination and supramolecular chemistries.

The challenge of rational design and utilization of such 
cooperative binding forces in hybrid materials produced via 
self-assembly processes is due to the complexity of multiple 
coexisting and weak noncovalent interactions.58 Overcoming 
such a challenge is expected to provide great opportunities 
for hybrid material syntheses. A foreseeable strategy to solve 
this challenge is through well-integrated efforts utilizing the 
power of both synthetic and modern computational chemistries.  
A key component of this strategy is to develop model systems 
that represent major challenges in current hybrid material syn-
theses, yet are simple enough to allow accurate computational 
predictions. Successful execution of this strategy is expected to 
provide opportunities for hybrid materials synthesis under both 
thermodynamic and kinetic control conditions by self-assembly.

Additive deposition
Apart from the capability of additive deposition (AD) meth-
ods to create materials with complex architectures, a unique 
feature of this fabrication approach is its adaptability in the 
production of multimaterial systems. The emergence of new 
AD technologies opens up opportunities in the assembly of 
novel hybrid materials with interesting physical and chemical 
properties (Figure 5).

One area of opportunity for AD technologies is the potential 
for multi-length scale materials engineering leading to the pro-
duction of hybrid materials with tunable dimensions that can 
span across different size regimes—a task that is particularly 
challenging with other synthetic methods. Three-dimensional 
printing platforms such as fused deposition modeling (FDM) 
and stereolithography (SLA) have been successfully util
ized in the preparation of hybrid polymer composites with 
dimensions that can be scaled down from the millimeter to 
the micrometer-size range.59,60 On the other hand, improve-
ments in resolution to the nanometer-scale region have been 
achieved using advanced two-photon lithography (TPL)61 and 
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atomic force microscopy-based nanolithography methods.62 
Moreover, direct ink writing AD synthetic routes provide 
location-specific composition and density control, thereby 
enabling the fabrication of hierarchi-
cally porous materials with tunable 3D 
microstructures that show improved 
adsorption properties, which is crucial 
for applications in catalysis, energy 
storage, and separation processes.63 
Furthermore, reactive extrusion-based 
AD methods offer the capability to 
make dissimilar materials compatible, 
resulting in favorable interfacial chem-
istries that can lead to multifunctional 
hybrid composites with robust mechan-
ical properties.64

However, while there had been 
significant progress in multimaterials 
deposition using different AD technolo-
gies, the fabrication of certain types 
of hybrid material systems using this 
synthetic approach still poses major 
challenges. This is particularly the case 
for fabrication of hybrid composites 
involving 2D materials that have high 
surface energy, which make them diffi-
cult to de-aggregate and reassemble in a 
controlled fashion during processing.65 
This type of synthetic challenge thus 
provides prospects for the development 
of new chemistries that can be adapted 
with AD manufacturing technologies.

Metal–organic frameworks
MOFs are hybrid materials by design incorporating both 
inorganic and organic components that have been investi-
gated for a variety of applications, such as in gas separation/
storage, drug delivery, catalysis, and energy-storage applica-
tions.66–72 The breadth of possible structures (>30,000 known 
MOFs have been reported thus far) provides a platform for 
optimization for these and other applications (Figure 6).73–79 
However, there is still space for the development of new MOF 
structures, as well as answering the many open fundamental 
questions regarding their function. In the area of new MOF 
structures, there are still numerous nodal elements and linker 
structures that have yet to be realized. While the chemis-
tries regarding carboxylate and nitrogenous linkers are quite 
mature, new binding groups (e.g., hydroxamate and thiocar-
bamate) are in their infancy.80,81 Additionally, the number of 
MOFs that incorporate second- and third-row transition met-
als, save for Zr and Hf, are few and far between despite the 
immense application space for these.82–84 Beyond the compo-
nent parts, there is also a need to consider alternative MOF 
architectures, namely single-crystal monolithic thin films.85,86 
While various methods exist to prepare polycrystalline films, 
many applications and fundamental measurements require 
single-crystal films. The intersection of traditional film prep-
aration techniques (e.g., chemical vapor deposition and vapor 
transport) and MOFs may result in significant advances by 

Figure 5.  A survey of different additive manufacturing (AD) 
technologies that can be adapted in the fabrication of hybrid 
materials: fused deposition modeling (FDM), stereolithography 
(SLA), two-photon lithography (TPL), reactive extrusion (RE), 
direct ink writing (DIW), and atomic force microscopy-based 
nanolithography (AFM-NL).

Figure 6.  More than 30,000 metal–organic frameworks have been reported, with a wide 
breadth of possible structures and motifs.
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providing access to well-defined hybrid systems with atomi-
cally defined interfaces.87

There is space to move beyond one-component systems to 
MOFs that exhibit a hybrid (collective) function between linker 
and node. Many publications mention the similarity between 
enzyme-like environments and MOF structure, however, 
examples exploiting multifunction, cooperative behavior are 
rare.88,89 Can a MOF be used to truly mimic protein function, 
including directed molecular transport, selective, and rapid 
(single site) catalysis? The topic of transport of molecules, 
ions, or electrons in MOFs introduces more unanswered ques-
tions. What factors control mass transport through MOF struc-
tures? How are solvent molecules arranged within MOF pores 
and how do they affect mass transport? In the case of electronic 
transport, how can the node and linker be made to “commu-
nicate” in three dimensions? These are important questions 
that remain unanswered. There are also opportunities to under-
stand long-term stability, the roles of defects in reactivity, and 
for computational/experimental partnerships to elucidate the 
design rules for desired functions. To address these latter ques-
tions, advanced instrumentation and partnerships with national 
user facilities are needed to provide unprecedented atomic 
scale information for in situ bridging across decades of time 
and length scales. The crystalline nature of MOFs also renders 
them ideal candidates for pushing the limits of techniques (e.g., 
electron and x-ray spectroscopies, neutron scattering for identi-
fication of sites occupied by light elements).

Functional surfaces and interfaces 
Functional surfaces
A key driving force of hybrid materials is to integrate dis-
similar materials and collectively utilize their complementary 
properties. This mitigates the limits 
of single-phase material components 
and enhances system performance.90 
Successful examples are found in 
energy conversion and storage, cataly-
sis, environmental, and biomedical 
applications. The characteristics of the 
material components are discussed in 
other sections. Frequently, a hybrid 
system may involve a series of materi-
als interfaces in multiscale hierarchi-
cal structures. The functional surfaces 
generated in a preceding step critically 
define the assembly and quality of the 
following layer. Single-junction solar 
cells made of organo-metal-trichloride 
perovskites involving six layers of 
hybrid materials are a good example 
to demonstrate the effects of the inter-
faces and intralayer architectures on the 
cell performance.91,92 The separation 
and transport of photoexcited electrons 
and holes, the temperature stability and 

chemical stability have been dramatically improved in the past 
decade based on hybrid materials.

Carbon materials are a good example to illustrate the role of 
functional surfaces in energy applications.93 Figure 7a shows 
four molecular functional sites in N-doped graphene, which 
exhibit drastically different electrocatalytic activities for oxygen 
reduction reaction in fuel cells.94 Proper N sites in the conductive 
graphitic carbon framework also serve as binding sites to form 
single metal atom complexes as competing Pt-free catalysts.95 
Due to the unique sp2 bonds in carbon materials, their inter-
nal microstructure critically determines the surface functional-
ities.96 As shown in Figure 7b–c, commonly used multiwalled 
carbon nanotubes present a smooth graphite basal-plane-like 
structure at the sidewall, which is inert and weakly interacts 
with other materials. In contrast, carbon nanofibers (CNFs) 
consisting of conically stacked graphitic cups can be obtained 
with a plasma-enhanced chemical vapor deposition process.97 
The abundant graphitic edge sites at the sidewall enable stron-
ger interface with the added overcoating and facilitate faster 
electron transfer.98,99 Enhanced lithium-ion battery performance 
has been demonstrated using the core–shell structure to allow 
high electron transport in CNF cores and faster Li+ ion transport 
across the thin Si98 or V2O5

99 shells, as illustrated in Figure 7d. 
Fundamental questions of interfacial science pertain to desolva-
tion mechanisms of cations at interfaces, the insertion of sol-
vated/desolvated species within host lattices, the interplay of 
electron and ion transport, electrode/electrolyte reactivity, and 
the nucleation of metal clusters onto electrified surfaces.

Functional interfaces
Hybrid materials can be designed with interfacial structures 
that allow for a myriad of functions. Recent examples show 

Figure 7.  (a) The molecular functional sites of N-doped graphene. (b) The atomic model 
of an ideal multiwalled carbon nanotube. (c) The atomic model of a carbon nanofiber 
consisting of a stack of graphitic cones. Theta represents the angle between the 
conical graphitic cup and the main axis of the carbon nanofiber. (d) A core–shell hybrid 
structure consisting of conformal V2O5 shells deposited on the vertically aligned carbon 
nanofiber cores as a lithium-ion battery cathode. Panel (d) adapted with permission from 
Reference 99. © 2016 Wiley.
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how synthesizing functional interfaces advances their applica-
tion in a variety of disciplines, including catalysis, solar cells, 
thermal materials, and biotechnology. A theme common to such 
interface design is the modulation of the flows of charge, mass, 
and energy in terms of directionality, magnitude, and temporal 
sequence. For instance, platinum nanoparticles decorated on 
one-dimensional TiO2 nanorods enhance the electron-transfer 
rate for the oxygen reduction reaction and engender effective 
charge interfacial charge separation.100 Conversely, graphene 
oxide with amphiphilic function forms a dual-functional buf-
fer layer between a hybrid perovskite and Spiro-MeOTAD 
(N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-
spirobi[9H-fluorene]-2,2′,7,7′-tetramine) hole transport layer 
imbuing directionality and establishing a charge-transfer cas-
cade that ultimately brings about significant increases in open-
circuit voltage and fill factor.101 Interfacial design is critical 
to mediating ultrafast charge or energy-transfer dynamics that 
is pivotal to electronic, photonic, and quantum architectures. 
The interplay between thermodynamic energy offsets and 
dynamics of charge transfer reflects a challenging problem 
that requires probes of electronic structure and interfacial 
charge-transfer dynamics.

In other examples, interfaces facilitate targeted delivery 
of disparate payloads. Cetyltrimethylammonium bromide 
(CTAB)-coated gold nanorods can be wrapped with polyacrylic 
acid in layer-by-layer synthesis to give water-dispersible, neg-
atively charged materials that allow for bioconjugation with 
positively charged horse heart cytochrome c, a small heme-
protein.102 Such interfaces can enable selective binding of spe-
cific molecular fragments enabling a specific response to be 
elicited that allows for sensitive and selective detection of ana-
lytes. For instance, template-directed self-assembly allows for 
hierarchically ordered graphene sheets-enzyme (cholesterol 
oxidase and cholesterol esterase)-gold nanoparticle arrays for 
electrochemical biosensing.103 Multiwalled carbon nanotubes 
modified with CTAB-poly(sodium-p-styrene-sulfonate) poly-
electrolyte-surfactant polymer can be used to trap hemoglo-
bin for electrochemical characterization during H2O2, O2, and 
NO2

– catalysis.104 These examples largely rely on weaker van 
der Waals interactions to create the functional interface, and 
creating functional interfaces using stronger, covalent bonds 
provides opportunities to enhance durability of functional 
interfaces.

Epitaxial interfaces
Interfaces in hybrids between dissimilar crystalline materials 
are of interest due to their diverse functionality, which often 
departs fundamentally from the properties of the constituents. 
Such hybrids represent an extreme case among the materials 
considered here since they typically show long-range atomic 
order and low defect densities but also require complex syn-
thesis processes. Crystalline and epitaxial hybrid systems 
are uniquely amenable to advanced characterization down 
to the atomic scale, such as by in situ electron microscopy 
of their synthesis and processing, either in vacuum105,106 or in 

solution,107,108 local band-structure measurements,109,110, and 
atomic-level structural and chemical analysis correlated with 
nanoscale functional probing (e.g., optoelectronics).111 Such 
heterogeneous materials also lend themselves well to studying 
how properties respond to applied stimuli (e.g., intercalation53 
or extreme pressure).112,113

Although pristine (e.g., epitaxial) hybrids and heterostruc-
tures of crystalline materials have been studied extensively, 
recent developments highlight challenges as well as sweeping 
opportunities for new discoveries and applications of these 
systems. Two-dimensional and layered van der Waals crystals 
have brought major advances, in part because of their relaxed 
lattice matching requirements compared to conventional 3D 
crystals.114 While lateral115,116 and vertical heterostructures117 
are widely studied, van der Waals crystals can support much 
more diverse hybrids and interfaces, exemplified by light 
harvesting wrap-around core–shell heterostructures of lay-
ered cores encapsulated in few-layer shells.118 New isolation 
methods for 2D crystals continue to emerge,119 and chemical 
functionalization of intrinsically inert materials (e.g., MoS2) 
enables tuning and control of interfacial interactions as well as 
functional properties.120 Unconventional degrees of freedom, 
such as interlayer twist in van der Waals stacks have brought 
a surprising wealth of emergent phenomena, including modi-
fied light–matter interactions121–124 and flat-band-induced cor-
related electron physics125,126 arising in moiré superlattices at 
twisted interfaces. While such effects are still primarily dis-
covered in mechanically stacked heterostructures,127 the chal-
lenge of suppressing equilibrium stacking to realize controlled 
interlayer twists via scalable bottom-up synthesis represents 
an emerging frontier in van der Waals epitaxy.128,129 In addition 
to the interest in 2D crystals themselves, ultrathin materials 
such as graphene have also revolutionized thin-film growth 
and epitaxy of 3D materials. Remote epitaxy, in which the 
interaction between a growing film and the substrate is mod-
erated for instance by an atomically thin graphene spacer130 
yields single-crystal films that have exceptionally low defect 
density,131 are flexible and can be transferred to arbitrary 
supports.132

Significant challenges remain also in the fabrication of 
new types of monocrystalline materials, either as thin films 
or lower-dimensional nanostructures, by scalable and inex-
pensive approaches and on nonideal (“real-world”) sub-
strates. High-quality materials and hybrids can be obtained 
by chemical transformations of template crystals. Reactions 
with gas-phase species, for example, can transform nanowires 
or nanorods into single-crystalline core–shell structures, hol-
low shells,133 or nanotubes.134 Inexpensive processes such as 
spin-coating are emerging as scalable alternatives to vacuum 
deposition for growing monocrystalline thin films.135 Creative 
approaches are being developed to control polymorphism, 
placement, and orientation of crystalline materials on amor-
phous supports.136 And finally, epitaxy-like registry effects 
are being identified and understood across a much broader 
family of hybrids, for example, to successfully predict and 
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control epitaxy of soft on hard materials as realized in poly-
mer-wrapping processes used for chirality sorting of carbon 
nanotubes.137

Conclusions
Hybrid and interface-based materials span all material catego-
ries and can take almost an infinite variety, where their design 
and predictive synthesis as well as the understanding of their 
emergent properties naturally benefits from the perspectives 
of multiple disciplines. The broad perspective of the work-
shop included some research ideas beyond the scope of the 
NSF’s Solid State and Materials Chemistry program. Wide-
ranging scientific opportunities were recognized at the nexus 
of understanding how the juxtaposition of disparate materi-
als can promote novel phenomena such as the stabilization 
of entirely new crystal polymorphs, interfacially confined 
quantum materials with discrete electronic states, and spin/
energy-selective filtering of current and heat. Many efforts 
in hybrid and interface material synthesis are beginning to 
explore opportunities that are uniquely possible via kinetic 
control and kinetic entrapment. Deterministic control of reac-
tion trajectories that result in stabilization of specific meta-
stable interfacial configurations remains a grand challenge. 
Furthermore, the character of buried interfaces is believed to 
largely determine many recent phenomena and thus a deeper 
understanding is needed through the development of toolsets 
that probe the dynamical evolution of interfaces “as they are” 
in the presence of external fields. Advanced characterization 
methods will enhance physical understanding, while improved 
access to established regional tools would accelerate many 
ongoing activities. Computational modeling and simulations 
are especially beneficial and important for research areas that 
either are sample-limited or where direct characterization is 
challenging or impossible. Workforce development toward 
these ends should be bolstered by improvements to student 
training at multiple stages as well as enhanced resources for 
hybrid materials research and development.
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