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Controlled local orientation of 2D nanomaterials in
3D devices: methods and prospects for
multifunctional designs and enhanced
performance
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Two-dimensional (2D) nanomaterials are sheet-like crystalline solids exhibiting remarkable electrical,
chemical, mechanical and optical properties. The emergence of 2D nanomaterials of diverse chemistries
with unique performance at the nanometric scale provides great potential to establish enhanced
functionalities at the macroscopic scale. However, transposing these nanoscopic properties into
functional macroscopic devices remains a challenge due to the lack of suitable processing technologies.
Recent experimental efforts to control the local orientation of 2D materials in thin films and reinforced
composites have demonstrated significant advances in improving the bulk material performances and
could be the key to unlocking next-generation multifunctional designs. Examples of these for sensors,
thermoelectrics and energy harvesting devices are provided in this review. Then, we present the recent
advances and methods for achieving controlled alignment of 2D nanomaterials, including in horizontal,
vertical, heterogeneous and arbitrarily oriented configurations. Moreover, the advances in 3D printing
technology to support aligned microstructures and its capability to build multimaterial compositions,
design complex structures and scale up are discussed in detail. Finally, we envision exciting future
developments yet also challenges to realize the promise of complex multifunctional energy devices
based on 2D nanomaterials with enhanced performance and sustainability, potentially opening up new
applications.

1. Introduction

Multifunctional devices are objects able to achieve a combined
set of properties, such as electrical, mechanical, optical, or
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another. Electronic components, sensors, energy harvesting
and water splitting devices, and catalyzers are examples of
devices receiving great interest from both the scientific
community and industries, and they require the fusion of
multiple properties into one object. More recently, robotics,
automobiles, artificial intelligence (AI), and the Internet of
Things (I0T) have increasingly relied on multifunctional devices
that are smaller, faster, high performing, and processable into
3D shapes by 3D printing. The rapid technological growth in
these domains reflects the unprecedented advances in mate-
rials science and engineering and urges further material
evolution on both functional and structural aspects. To fulfill
these versatile functionalities and realize the promise of
Industry 4.0, 2D nanomaterials which exhibit unique intrinsic
properties have become an indispensable choice.

2D nanomaterials are a class of crystalline materials in the
form of a single-layer or a few-layer lamellar structure. They
possess a high lateral diameter to thickness aspect ratio as well
as stronger in-plane interatomic interactions than in their
stacking, out-of-plane direction. The year of 2004 witnessed the
successful exfoliation of monolayer graphene by Geim and
Novoselov," which led to the renaissance of the study of 2D
nanolayer materials. Since then, remarkable properties such as
a large surface area, tunable surface functionality, strong
mechanical strength, and excellent thermal and electrical
conductivities have been successively found in graphene.***
Notably, these outstanding properties in graphene such as its
ultrahigh carrier mobility of 10* cm® V™' s, thermal conduc-
tivity of about 4000 W m~ ' K~ ' and high Young's modulus of
about 1 TPa are demonstrated in the in-plane direction, which
are significantly suppressed along the out-of-plane axis.**** The
preparation of 2D nanomaterials is commonly achieved by top-
down approaches, where bulk layered materials are exfoliated
into nanosheets for example using mechanochemical processes
or by bottom-up synthesis from molecular precursors. More
recently, the prosperous studies on graphene have expanded to
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the emergence of novel 2D nanomaterials of other chemis-
tries.” For example, transition metal dichalcogenides (TMDCs),
with the formula of MX,, where M is a transition metal like Mo,
Ti, V, Hf, W, etc., and X represents a chalcogen such as S, Te and
Se, have been found to exhibit tunable bandgaps for semi-
conducting and optoelectronic related applications.***"” In
addition, 2D hexagonal boron nitride (h-BN), an isomorph of
graphene, also attracts considerable attention. Indeed, different
from the conjugated valence electrons in graphite, the distinct
electronegativity of B and N atoms provides electrical insulation
to h-BN."® Thanks to its outstanding electrical insulation, an in-
plane thermal conductivity of about 400 W m™~* K™, thermal
stability at temperatures higher than 600 °C, mechanical
robustness and chemical inertness, 2D h-BN becomes very
useful for microelectronics, as a reinforcing nanofiller and field
effect transistor (FET), among others.'*** Moreover, the family
of MXenes, which represents 2D transition metal carbides,
nitrides and carbonitrides, has grown rapidly over the past
decade.”*** MXenes have a general formula of M,,,;X,, T, (n = 1-
3), where M is a transition metal such as Ti, Ta, V, Zr, etc., X is
carbon or nitrogen, and T, represents surface functional
groups. Since the report of TizC, in 2011, there have been more
than 30 different MXenes synthesized, which typically exhibit
metallic conductive properties because of the existence of
conductive carbon and metal layers in the 2D structure and
a hydrophilic nature due to the surface terminations like
hydroxyl, oxygen or fluorine.***** The wide chemical and
structural variety of MXenes enables their promising applica-
tions for energy storage, electromagnetic interference (EMI)
shielding, catalysis, sensors and so on.

The diverse crystal structures and blooming functionalities
in 2D nanomaterials provide great opportunities to establish
optimized material performances for realistic device applica-
tions. Indeed, tailored microstructures with local orientation of
2D nanomaterials could be an efficient pathway to unlock their
potential and transpose their outstanding nanoscopic proper-
ties to the macroscopic scale. Controlling the assembly of
anisotropic particles into hierarchical structures is a way to
induce new, unique macroscopic properties that cannot be
obtained in random configurations. This effect is well demon-
strated in natural materials, which have evolved complex
microstructures with local alignment over the years, providing
us with an inspirational gallery for structural design and
fabrication.>*** By mimicking these natural microstructures,
many advanced artificial materials exhibiting attractive prop-
erties and functions have been realized (Fig. 1). We can imagine
that if these delicate local orientations can be precisely
controlled and reasonably combined with various 2D nano-
material combinations, any set of desired functionalities could
be realized.

The capability of precisely controlling the alignment of 2D
nanomaterials has always been exciting but rather challenging.
Fig. 2a displays the statistical number of publications on 2D
nanomaterials and 2D nanomaterials with an aligned structure
from 2011 to 2021. In the past ten years, there has been
a significant increase in 2D nanomaterial-related studies,
reflecting the promise of 2D nanomaterials for materials

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Representative locally aligned microstructures found in natural species and their mimetic artificial counterparts: (a) locally ordered surface
patterning of Yunnan rhododendron petals and MoS, nanofilms with molecular layers perpendicular to the substrate. Reproduced from ref. 31
with permission from The Royal Society Publishing. Reproduced from ref. 32 with permission from the National Academy of Sciences. (b) Bi-layer
active hygroscopic tissue of a Pinus coulteri pine cone and aligned carbon nanotubes (CNTSs) in paraffin wax. Reproduced from ref. 33 with
permission from The Royal Society Publishing. Reprinted with permission from ref. 34. Copyright (2015) American Chemical Society. (c) Radial
alignment in a tree trunk and freeze-casted graphene oxide (GO) aerogel with a radial and centrosymmetric structure. Reproduced from ref. 35
with permission from NC State University. Reprinted with permission from ref. 36. Copyright (2018) American Chemical Society. (d) Lamellae
microstructure of the scales of a Morpho peleides butterfly wing and replica made of alumina. Reprinted with permission from ref. 37. Copyright
(2006) American Chemical Society. (e) Brick-and-mortar layered microstructure of the nacre layer in seashells and artificial nacre made of
layered poly(vinyl alcohol)-clay—nanofibrillar cellulose. Reproduced from ref. 38 with permission from Elsevier. Reproduced from ref. 39 with
permission from John Wiley and Sons. Reprinted with permission from ref. 40. Copyright (2014) American Chemical Society. (f) Helicoidal
orientation in the stomatopod dactyl club and similar orientation pattern with alumina microplatelets. Reproduced from ref. 41 with permission

from Elsevier. Reproduced from ref. 42 with permission from Springer Nature.

development. The publications related to aligned 2D nano-
materials also exhibit a growing tendency especially in the latest
years. However, these studies only comprise 7.67% of the total
research on 2D nanomaterials (Fig. 2b), indicating an available,
vacant area for further research. Classifying the alignment of 2D
nanomaterials as vertical, horizontal, arbitrary and heteroge-
neous microstructures, it appears that vertical and horizontal
alignment account for the most research interest (Fig. 2c).
From these recent studies, one major observation is that the
lateral size of 2D nanomaterials and their orientations greatly
impact the properties at the microscopic and macroscopic
scales. These results have already been reviewed and summa-
rized by others. For example, Luo et al. compared the strategies
of improving photocatalytic performances by assembling func-
tional architectures with 2D nanomaterials and analyzed its role
in enhancing the energy conversion efficiency.* Zhang et al.
reviewed the growth mechanism of vertically aligned graphene
nanosheet arrays (VAGNAs) and discussed their properties for
electrochemical energy applications.* Yaraghi et al. focused on
fabrication methods and structures of biomimetic structural
materials with brick-and-mortar and helicoidal architectures.*
Cao et al. provided a survey on low-dimensional materials for
electromagnetic (EM) applications and discussed the strategy of
constructing well-aligned 2D nanosheets.*® Tan et al. stressed
the advances of vertically aligned nanosheets (VANSs) for

This journal is © The Royal Society of Chemistry 2022

batteries.*” Furthermore, Huang et al. pointed out that aligned
carbon-based electrodes (ACBEs) can greatly enhance the
battery power density due to the combined advantages of an
aligned structure and carbon-based materials.** Shao et al
emphasized the role of the freeze casting technique in the
formation of well-controlled biomimetic porous materials from
low-dimensional building blocks.** Moreover, Lei et al. reviewed
the specific role of vertically aligned structures in polymer
composite materials for multiple applications.>® Zhang et al.
provided synthesis and modification methods of polymer
composites with aligned 2D nanomaterials and their potential
applications.” In most of the reviews, the controlled orientation
mainly focused on a single orientation type such as vertical or
horizontal, throughout the bulk material, or limited fabrication
methods for a specific target application. A systematic review on
diverse orientation design of 2D nanomaterials and their
augmented properties is thus still lacking.

In view of controlling the microstructural local alignment of
2D nanomaterials for improving performances, it is therefore
timely to review the up-to-date development on this topic and to
propose a vision on how to leverage the diversity in the chem-
istry and properties of 2D nanomaterials to yield multifunc-
tional high-performance devices. Herein, we review the most
recent research on controlled local orientation of 2D nano-
materials for functional designs and envision future prospects.

J. Mater. Chem. A, 2022, 10, 19129-19168 | 19131


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2TA01926D

Open Access Article. Published on 26 April 2022. Downloaded on 7/3/2025 9:03:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

Review

15000 - 2000
(a) 2D nanomaterial
] 2D nanomaterial with aligned structure 1
12000
* -4 1500
< 1 2
2 9000 l o
© =
o ] H 1000 §
L enne e
6000 - | o)
a _ Q
~ 500
-7 770
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year
(b) ;[E: :::grr::::::: with aligned structure (C) xiﬁf:’:tal
Arbitrary
Heterogeneous 12.41%

92.33%

7.67%

28.47%

21.9%

37.23%

Fig. 2

(a and b) Publications on 2D nanomaterials and 2D nanomaterials with an aligned structure from 2011 to 2021. The publication numbers

were collected from the Web of Science using the key words “2D nanomaterial” and “2D nanomaterial aligned structure” or “2D nanomaterial
oriented structure” or "2D nanomaterial ordered structure”. (c) Publications on aligned 2D nanomaterials with different orientation types.

The outline of this review is presented in Fig. 3. First, in this
introduction, the background for studying 2D nanomaterials
and the inspiration to develop locally aligned microstructures
are provided. In the next section, we provide examples that
demonstrate how oriented 2D nanomaterials can enhance the
performances for selected applications, namely sensing, ther-
moelectrics and electrochemical energy harvesting, followed by
reviewing the fabrication methods for horizontal, vertical,
heterogeneous, and arbitrarily aligned microstructures. To
bridge the gap between microstructural and 3D macroscopic
devices, the fourth section of this review discusses how 3D
printing can contribute to achieving locally aligned structures
and what is its capability to build macroscopic architectures
combining multiple chemistries. Finally, we anticipate the
potential of controlled alignment of 2D nanomaterials for
functional designs and applications and discuss remaining
challenges, for the fabrication of next-generation smart multi-
functional devices.

2. Oriented 2D nanomaterials for
functional applications

This section provides examples from the literature, which
demonstrate why orienting 2D nanomaterials purposely is key for
achieving high performance in macroscopic components. We
specifically selected a few functional applications that we see as the
most promising for future energy and sustainability enhancement

19132 | J Mater. Chem. A, 2022, 10, 19129-19168

and that are under intense research in the materials community.
These are sensing, thermoelectrics and electrochemical energy
harvesting applications. The reader is then invited to draw analo-
gies for other applications of their interest, where aligned and
specifically oriented 2D nanomaterials could enhance the prop-
erties and functionalities of materials and devices.

2.1 Sensing

A sensor is a signal generator that captures a physical input
from its working environment and converts it into a readable
output. An ideal sensor should possess high sensitivity, selec-
tivity and stability.*>*"%* The sensitivity is typically determined
by the ability of materials to respond to environmental stimuli
such as optical, thermal, electrical, mechanical or chemical
variations.®*** 2D nanomaterials, with their exceptional surface
properties, are promising candidates for sensing applications.
Controlling the alignment of 2D nanomaterials has proved to be
beneficial in sensing mainly because it can improve (i) the
density of exposed active sites, (ii) the surface-to-volume ratio,
and (iii) the charge transfer within the oriented material.*® Gas
sensing and photodetection are among the most extensively
studied sensing applications using 2D nanomaterials. In gas
sensing applications, the mechanism consists of transforming
chemical potential into electrical current density through gas
molecule adsorption, where the resistance change is closely
related to chemical reactions occurring at the surface of the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Graphical outline of this review: from the background for emerging 2D nanomaterial study, established functional applications using
oriented 2D nanomaterials, to fabrication methods of various orientations including 3D printing, following by the potential of developing
multifunctional devices. Reprinted with permission from ref. 15. Copyright (2017) American Chemical Society. Reproduced from ref. 52 with
permission from the Royal Society of Chemistry. Reproduced from ref. 53 with permission from Elsevier. Reproduced from ref. 54 with
permission from John Wiley and Sons. Reprinted with permission from ref. 55. Copyright (2015) American Chemical Society. Reproduced from
ref. 56 with permission from the Royal Society of Chemistry. Reproduced from ref. 57 with permission from Springer Nature. Reproduced from
ref. 58 with permission from the Royal Society of Chemistry. Reproduced from ref. 59 with permission from John Wiley and Sons. Reproduced
from ref. 60 with permission from Springer Nature. Reproduced from ref. 274 with permission from Springer Nature. Reproduced from ref. 323

with permission from the Royal Society of Chemistry.

nanomaterials. For photodetection, the mechanism is to
convert an incident optical signal into an electrical signal based
on the optical responsivity of the material.®*7° Taking gas
sensing as an example, the sensitivity (S) is defined as:

s () = 2 100, (1)
I
where Al is the gas-induced current change and I, is the current
of the sensor without gas.”*””* Various 2D nanomaterials such as
MXenes,”*”®> TMDCs,”*”® graphene’®® and phosphorene®-*
have been used to absorb gases like NO,,””* CO,** CO,,”**
NH,,’**¢ and H,S.*” Fig. 4 illustrates the NO, gas sensing
properties of MoS, films with horizontal, vertical and mixed
alignment structures.”® During gas sensing, the gas adsorption
capability is closely related to the binding energy between the
active sites and the gas molecules. The exposed edge sites with
high surface energy in vertically aligned MoS, provided high
adsorption, while the adsorption in the basal plane of hori-
zontal alignhment was much lower (Fig. 4a). Meanwhile, the
resistance of the vertically aligned film was significantly
increased, which was attributed to the dominated -carrier
transport within the van der Waals gaps in the cross-plane
direction (Fig. 4d). As a result, the vertically aligned MoS, film
allowed a 5-times higher resistance variation (Fig. 4e) and could
even detect 0.1 ppm of NO, gas when the maximum amplitude
of electrical responses (AR/Rp)max Was 0.2%, which was impos-
sible in the horizontally aligned film (Fig. 4f). In another

This journal is © The Royal Society of Chemistry 2022

example, Jiang et al. reported the H,S gas sensing response of
Fe,0O;/graphene nanosheets with horizontal and vertical align-
ments (Fig. 4g and h).* The alignment was induced by
controlled magnetic field assembly under a directed flow and
will be described in Section 3 of this review. The vertically
aligned Fe,O;/graphene nanosheets exhibited higher sensitivity
(~450 absorption units to 15 ppm H,S) than the horizontally
aligned ones (~350 absorption units to 23 ppm H,S) at
a working temperature of 190 °C (Fig. 4j). This improved
sensing capability in response to H,S gas could be contributed
by a larger contact area as well as less resistance to the target gas
flow. Islam et al. also observed high sensitivity to NO, gas in
vertically aligned MoS, layers.” The sensitivity was about 160~
380% within a gas concentration range of 5-30 ppm, demon-
strating a much higher response compared with the horizon-
tally aligned layers. The higher sensitivity in the vertical
alignment could be attributed to the exposed edge sites with
sufficient dangling bonds, leading to high chemical reactivity
and adsorption capability. These few, selected examples illus-
trate how the orientation of 2D nanomaterials can be utilized to
boost the performance of sensing devices.

2.2 Thermoelectrics

To tackle the increasing global energy demand, the ability of
harvesting electrical energy from waste heat from the thermo-
electric effect has attracted considerable attention.*®*' The

J. Mater. Chem. A, 2022, 10, 19129-19168 | 19133
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Fig. 4 Gas adsorption properties of MoS; films with horizontal, vertical and mixed alignments for gas sensing. (a) Schematic illustration showing
the mechanism of gas adsorption on the edge sites and basal plane of MoS; films. SEM images of (b) vertically aligned and (c) horizontally aligned
MoS; films. (d) Resistance in relation to different alignments with higher resistance in the vertically aligned MoS, film because of cross-plane
hopping of carriers. (e) Resistance changes of 100 ppm NO, gas adsorption demonstrating the superior gas sensing properties of edge sites than
the basal plane. (f) Maximum electrical responses of the synthesized MoS; films within 0.1-100 ppm of NO, exposure. Reprinted with permission
from ref. 55. Copyright (2015) American Chemical Society. Morphologies of (g) horizontally aligned Fe,Oz/graphene paper and (h) vertically
aligned Fe,Os/graphene paper. Response curves of H,S on the chemiluminescence (CL) intensity of (i) graphene paper fabricated by traditional
filtration and (j) vertically arranged Fe,Oz/graphene nanosheets (VAFe/GN) and horizontally arranged Fe,Os/graphene nanosheets (HAFe/GN)
with a controlled orientation. Reproduced from ref. 87 with permission from the Royal Society of Chemistry.

thermoelectric effect refers to the phenomenon by which
a temperature difference is directly converted into an electric
voltage and vice versa. The process of voltage generation from
a temperature difference is known as the Seebeck effect
(Fig. 5a), while the conversion process of creating a temperature
difference upon an applied voltage is the Peltier effect
(Fig. 5b).”> The working mechanism of the thermoelectric effect
is related to the perturbation of charge carriers in equilibrium
distribution. When there is a temperature gradient, the charge
carriers migrate from high temperature to low temperature,
leading to the generation of voltage. The performance of

19134 | J Mater. Chem. A, 2022, 10, 19129-19168

thermoelectric materials is characterized by the dimensionless
thermoelectric figure of merit, ZT:

aS?T

21 = ==, )

where ¢ is the electrical conductivity, S is the Seebeck coeffi-
cient, T is the temperature, and k is the thermal conductivity.**
Based on eqn (2), an ideal thermoelectric material should
possess a high electrical conductivity, a high Seebeck coefficient
and a low thermal conductivity. The optimum carrier concen-
tration for a high thermoelectric performance and thermo-
electric power factor (¢5°) is illustrated in Fig. 5c.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Controlled alignment of 2D materials for thermoelectric applications. Schematic illustration of thermoelectric devices for (a) voltage
generation and (b) heating or cooling applications. Reproduced from ref. 56 with permission from the Royal Society of Chemistry. (c) Optimum
carrier concentration (ny) for the thermoelectric figure of merit (ZT) and power factor. Reproduced from ref. 104 with permission from John
Wiley and Sons. Well-aligned 2D Bi,Tez nanoflakes as thermoelectric materials. SEM images of (d) cross sectional and (e) top view morphologies.
(f) Seebeck voltage as a function of the temperature difference in aligned 2D and 3D Bi,Tes nanoblocks. Reproduced from ref. 101 with
permission from the Royal Society of Chemistry. Aligned regenerated cellulose (RC)/BNNS composite filaments for wearable thermoelectric
devices. (g and j) Schematic representation of RC/BNNS composite filaments. (h and k) Morphology of RC/LBNNS composite filaments. (i)
Generated voltage at different ambient temperatures. The red arrow refers to the heat conduction direction. (l) Diagram of a wearable ther-
moelectric device and its ability to light a LED bulb. Reproduced from ref. 103 with permission from Elsevier.

Besides the well-known thermoelectric materials like Bi;Te;, enhancement are to (i) increase ion mobility in aligned carrier

Sb,Te;, PbTe, etc., emerging 2D nanomaterials with a high
electrical conductivity or high Seebeck coefficient, such as gra-
phene,**® TMDCs,’”** and MXenes,*>'* are also promising for
thermoelectric applications. Interestingly, controlling the
alignment of 2D nanomaterials is a great way to enhance the
thermoelectric performances. The pivotal concepts of this

This journal is © The Royal Society of Chemistry 2022

pathways for improved electrical conduction, and (ii) induce
more phonon scattering to suppress thermal conduction or
tune the thermal conductivity along the selected directions. For
example, Chang et al. investigated the role of alignment in 2D
Bi,Te; nanosheets for thermoelectric applications.'® 2D Bi,Te;
nanosheets with a vertical alignment to the SiO,/Si substrate
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