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Controlled local orientation of 2D nanomaterials in 3D devices: 
methods and prospects for multifunctional designs and enhanced 
performance 

Hongying He,a Lizhi Guan,a Hortense Le Ferrand†a,b 

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 unlock 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 arbitrary 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 promises of complex multifunctional energy devices based on 2D 

nanomaterials with enhanced performance, sustainability, and 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 

thermal and that are able to convert energy from one type to 

another. Electronic components, sensors, energy harvesting 

and water splitting devices, catalyzers are examples of devices 

receiving great interest from both the scientific community and 

industries, and that require the fusion of multiple properties 

into one object. More recently, robotics, automobile, artificial 

intelligence (AI), Internet of Things (IoT) are increasingly relying 

on multifunctional devices that are smaller, faster, high 

performance, and processable into 3D shapes by 3D printing. 

The rapid technology growth in these domains reflects the 

unprecedented advances in materials science and engineering, 

and urges further material evolution on both functional and 

structural aspects. To fulfil these versatile functionalities and 

realize the promises of Industry 4.0, two-dimensional (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-layers 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,1 which led to the renaissance of the study of 2D 

nanolayer materials. Since then, remarkable properties such as 

large surface area, tunable surface functionality, strong 

mechanical strength, excellent thermal and electric 

conductivities have been successively found in graphene.2-11 

Notably, these outstanding properties in graphene such as its 

ultrahigh carrier mobility of 104 cm2 V-1 s-1, thermal conductivity 

of about 4000 W m-1 K-1 and high Young’s modulus of about 1 

TPa are demonstrated within the in-plane direction, which are 

significantly suppressed along the out-of-plane axis.12-14 

Preparation of 2D nanomaterials is commonly achieved by top-

down approaches where bulk layered materials are exfoliated 

into nanosheets, or by bottom-up synthesis from molecular 

precursors. More recently, the prosperous studies on graphene 

have expanded to the emergence of novel 2D nanomaterials of 

other chemistries.15 For example, transition metal 

dichalcogenides (TMDCs), of formula of MX2, where M is the 

transition metal like Mo, Ti, V, Hf, W, etc., and X represents the 

chalcogen such as S, Te and Se, have been found to exhibit 

tunable bandgaps for semiconducting and optoelectronic 

related applications.6,16,17 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 
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and N atoms confers electrical insulation to h-BN.18 Thanks to 

their outstanding electrical insulation, in-plane thermal 

conductivity of about 400 W m-1 K-1, thermal stability at 

temperatures higher than 600°C, mechanical robustness as 

well as chemical inertness, 2D h-BN becomes very useful for 

microelectronics, as reinforcing nanofillers, field effect 

transistors (FETs), among others.19,20 Moreover, the family of 

MXenes, which represents 2D transition metal carbides, nitrides 

and carbonitrides, has grown rapidly over the past decade.21-23 

MXenes have a general formula of Mn+1XnTx (n = 1-3), where M 

is a transition metal such as Ti, Ta, V, Zr, etc., X is carbon or 

nitrogen, and Tx represents surface functional groups. Since the 

report of Ti3C2 in 2011, there have been more than 20 different 

MXenes synthesized, which typically exhibit metallic conductive 

property with a hydrophilic nature due to the surface 

terminations like hydroxyl, oxygen or fluorine.21,24,25 The wide 

chemical and structural variety of MXenes enables their 

promising applications 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 

applications. Indeed, tailored microstructures with local 

orientation of 2D nanomaterials could be an efficient pathway 

to unlock their potential and transpose their outstanding 

nanoscopic properties 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 

demonstrated in natural materials, which have evolved 

complex microstructures with local alignment over the years, 

providing us an inspirational gallery for structural design and 

fabrication.26-30 By mimicking these natural microstructures, 

many advanced artificial materials exhibiting attractive 

properties 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 

nanomaterial combinations, any set desired functionalities 

could be realized. 

The capability of precisely controlling the alignment of 2D 

nanomaterials has always been exciting while rather 

challenging. Fig. 2a displays the statistical number of 

publications on 2D nanomaterials and 2D nanomaterials with 

aligned structure from 2011 to 2021. In the past ten years, there 

has been a significantly increase in 2D nanomaterial-related 

studies, reflecting the promises of 2D nanomaterials for 

material development. The publications related to aligned 2D 

nanomaterials also exhibit a growing tendency especially in the 

latest years. However, these studies only comprise 0.72% of the 

total research on 2D nanomaterials (Fig. 2b), indicating 

available, vacant area for further research. Classifying the 

alignment of the 2D nanomaterials as vertical, horizontal, 

arbitrary and heterogeneous microstructures, it appears that 

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 MoS2 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 National Academy of Science. (b) Bi-layer active hygroscopic tissue of Pinus coulteri pine cone and aligned carbon nanotubes (CNTs) 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 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 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. 
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vertical and horizontal alignment account for most research 

interest (Fig. 2c).  

From these recent research, one major observation is that 

the lateral size of the 2D nanomaterials and their orientations 

greatly impact the properties at the microscopic and 

macroscopic scales. These results have already been reviewed 

and summarized by others. For example, Luo et al. compared 

the strategies of improving photocatalytic performances by 

assembling functional architectures with 2D nanomaterials and 

analyzed its role in enhancing the energy conversion 

efficiency.43 Zhang et al. reviewed the growth mechanism of 

vertically aligned graphene nanosheet arrays (VAGNAs) and 

discussed their properties for electrochemical energy 

applications.44 Yaraghi et al. focused on fabrication methods 

and structures of biomimetic structural materials with brick-

and-mortar and helicoidal architectures.45 Cao et al. provided a 

survey on low-dimensional materials for electromagnetic (EM) 

applications and discussed the strategy of constructing well-

aligned 2D nanosheets.46 Tan et al. stressed the advances of 

vertically aligned nanosheets (VANS) for batteries.47 

Furthermore, Huang et al. pointed out that the aligned carbon-

based electrodes (ACBEs) can greatly enhance the battery 

power density due to the combined advantages of aligned 

structure and carbon-based materials.48 Shao et al. emphasized 

the role of freeze casting technique in the formation of well-

controlled biomimetic porous materials from low-dimensional 

building blocks.49 Moreover, Lei et al. reviewed the specific role 

of vertically aligned structures in polymer composite materials 

for multiple applications.50 Zhang et al. provided synthesis and 

modification methods of polymer composites with aligned 2D 

nanomaterials and their potential applications.51 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 specific target 

application. A systematic review on diverse orientation design 

of 2D nanomaterials and their augmented properties is thus still 

lacking.  

 

Fig. 2 (a) and (b) Publications on 2D nanomaterial and 2D nanomaterial with aligned structure from 2011 to 2021. The publication numbers were collected from Web of 

Science using the key words “2D nanomaterial” and “2D nanomaterial aligned structure”. (c) Publications on aligned 2D nanomaterial with different orientation type. 



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 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 chemistry 

and properties of 2D nanomaterials to yield multifunctional 

high-performance devices. Herein, we review the most recent 

research on controlled local orientation of 2D nanomaterials for 

functional designs and envision future prospects. The outline of 

this review is presented in Fig. 3. First, in this introduction, the 

background for studying 2D nanomaterials and the inspirations 

to develop the 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, thermoelectrics and 

electrochemical energy harvesting. Following are reviewed the 

fabrication methods for horizontal, vertical, heterogeneous, 

and arbitrary 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 achieve locally aligned structures and what are 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 multifunctional devices.  

2. Oriented 2D nanomaterials for functional 
applications 

This section provides examples from the literature, that 

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, and that are under intense research in the 

materials community. These are sensing, thermoelectrics and 

electrochemical energy harvesting. The reader is then invited to 

draw analogies for other applications of their interest, where 

aligned and specifically oriented 2D nanomaterials could 

enhance the properties and functionalities of materials and 

devices. 

 

2.1. Sensing 

A sensor is a signal generator that captures physical input from 

its working environment and converts it into a readable output. 

An ideal sensor should possess high sensitivity, selectivity and 

stability.15,61,62 The sensitivity is typically determined by the 

ability of materials to respond to environmental stimuli such as 

optical, thermal, electrical, mechanical or chemical 

variations.63,64 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, 

Fig. 3 Graphical outline of this review: from the background for emerging 2D nanomaterials study, established functional applications using oriented 2D nanomaterials, to fabrication 

methods of various orientation including 3D printing, following by potential of developing multifunctional devices. Reprinted with permission from ref. 15. Copyright (2017) American 

Chemical Society. Reproduced from ref. 52 with permission from 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 Royal Society 

of Chemistry. Reproduced from ref. 57 with permission from Springer Nature. Reproduced from ref. 58 with permission from Royal Society of Chemistry. Reproduced from ref. 59 with 

permission from John Wiley and Sons. Reproduced from ref. 60 with permission from Springer Nature. 
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and iii) the charge transfer within the oriented material.65 Gas 

sensing and photodetection are among the most extensively 

studied sensing applications using 2D nanomaterials. In gas 

sensing applications, the mechanism consists in transforming 

chemical potential into electrical current density through gas 

molecules adsorption, where the resistance change is closely 

related to chemical reactions occurring at the surface of the 

nanomaterials. For photodetection, the mechanism is to 

convert an incident optical signal into an electrical signal based 

on optical responsivity of the material.66-70 Taking gas sensing as 

an example, the sensitivity (𝑆) is defined as:  

                                    𝑆 (%) =  
∆𝐼

𝐼0
 × 100,                                (1) 

where ∆𝐼  is the gas-induced current change and 𝐼0  is the 

current of the sensor without gas.71-73 Various 2D nanomaterials 

such as MXene,74,75 TMDCs,76-78 graphene79,80 and 

phosphorene81,82 have been used to absorb gases like NO2,77,83 

CO,84 CO2,79,85 NH3,76,86 and H2S.87 Fig. 4 illustrates the NO2 gas 

sensing properties in MoS2 films with horizontal, vertical and 

mixed alignment structures.55 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 MoS2 

provided high adsorption, while the adsorption in basal plane of 

horizontally alignment was much lower (Fig. 4a). Meanwhile, 

the resistance of vertically aligned film was significantly 

increased, which was attributed to the dominated carrier 

transport within the van der Waals gaps in cross plane direction 

(Fig. 4d). As a result, the vertically aligned MoS2 film allowed a 

5-times higher resistance variation (Fig. 4e) and could even 

detect 0.1 ppm of NO2 gas when the maximum amplitude of 

electrical responses (ΔR/Rb)max was 0.2%, which was impossible 

in the horizontally aligned film (Fig. 4f). In another example, 

Jiang et al. reported the H2S gas sensing response of 

Fe2O3/graphene nanosheets with horizontal and vertical 

alignments (Fig. 4g and 4h).87 The alignment was induced by 

controlled magnetic field assembly under a directed-flow and 

will be described in the section 3 of this review. The vertically 

aligned Fe2O3/graphene nanosheets exhibited higher sensitivity 

(~450 absorption units to 15 ppm H2S) than the horizontally 

aligned ones (~350 absorption units to 23 ppm H2S) at a working 

temperature of 190 ° C (Fig. 4j). This improved sensing 

capability in response to H2S 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 NO2 gas in 

vertically aligned MoS2 layers.72 The sensitivity was about 160-

380% within a gas concentration of 5-30 ppm, demonstrating 

much higher response compared with the horizontally aligned 

layers. The higher sensitivity in 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 illustrate how the 

orientation of 2D nanomaterials can be utilized to boost the 

performance of sensing devices.
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2.2 Thermoelectrics 

To tackle the increasing global energy demand, the ability of 

harvesting electric energy from waste heat from the 

thermoelectric effect has attracted considerable attention.88-91 

The 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).92 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 

thermoelectric materials is characterized by the dimensionless 

thermoelectric figure of merit, ZT: 

                                         𝑍𝑇 =  
𝜎𝑆2𝑇

𝑘
,                                       (2) 

where 𝜎 is the electrical conductivity, 𝑆 the Seebeck coefficient, 

𝑇 the temperature, and 𝑘 the thermal conductivity.93 Based on 

equation (2), an ideal thermoelectric material should possess a 

high electrical conductivity, a high Seebeck coefficient and a low 

thermal conductivity. The optimum carrier concentration for 

Fig. 4 Gas adsorption properties of MoS2 films with horizontal, vertical and mixed alignment for gas sensing. (a) Schematic illustration showing mechanism of gas adsorption 

on edge sites and basal plane of MoS2 films. SEM images of (b) vertically aligned and (c) horizontally aligned MoS2 films. (d) Resistance in relation to different alignment 

with higher resistance in vertically aligned MoS2 film because of cross-plane hopping of carriers. (e) Resistance changes of 100 ppm NO2 gas adsorption demonstrate the 

superior gas sensing properties of edge sites than basal plane. (f) Maximum electrical responses of the synthesized MoS2 films within 0.1-100 ppm of NO2 exposure. 

Reprinted with permission from ref. 55. Copyright (2015) American Chemical Society. Morphologies of (g) horizontally aligned Fe2O3/graphene paper and (h) vertically 

aligned Fe2O3/graphene paper. Response curves of H2S on chemiluminescence (CL) intensity of (i) graphene paper fabricated by traditional filtration and (j) vertically  

arranged Fe2O3/graphene nanosheets (VAFe/GN) and horizontally arranged Fe2O3/graphene nanosheets (HAFe/GN)with controlled orientation. Reproduced from ref. 87 

with permission from Royal Society of Chemistry.  
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high thermoelectric performance and thermoelectric power 

factor (𝜎𝑆2) is illustrated in Fig. 5c.  

Besides the well-known thermoelectric materials like Bi2Te3, 

Sb2Te3, PbTe, etc., emerging 2D nanomaterials with high 

electrical conductivity or high Seebeck coefficient, such as 

graphene,94-96 TMDCs,97,98 and MXenes,99,100 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 

enhancement are to i) increase ion mobility in aligned carrier 

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 

Bi2Te3 2D nanosheets for thermoelectric applications.101 The 2D 

Bi2Te3 nanosheets with vertical alignment to the SiO2/Si 

substrate were grown by pulsed laser deposition at 500 °C 

(Fig. 5d,e). The good alignment contributed to the improved 

electrical conductivity and Seebeck voltage generation 

compared to the randomly aligned nanosheets (Fig. 5f). 

Consequently, an in-plane thermoelectric power factor of 1.35 

μW cm-1 K-2 was obtained in vertically aligned nanostructures, 

which was effectively improved compared to that in random 

conditions (< 1 μW cm-1 K-2). In another example, Oh et al. 

achieved significantly improved thermoelectric properties in an 

aligned MoS2/graphene nanoribbon heterojunction.102 The 

vertical heterojunction was designed to maximize the carrier 

transport: the carriers can pass back and forth between the 

graphene and MoS2 nanosheets easily to induce the 

thermoelectric effect. The as-synthesized nanostructure 

exhibited an enhanced electrical conductivity of 700 S m-1 and a 

high power factor of 222 μW m-1 K-1. In addition, Wu et al. 

developed regenerated cellulose (RC)/BNNS composite 

filaments with oriented microstructure using a wet-spinning 

procedure which will be described later in the review.103 With 

the alignment, the large-sized BNNS were confined among 

adjacent RC nanofibers at a high filler loading, providing high 

anisotropy to the filaments (Fig. 5g-h, 5j-k). The aligned 

RC/BNNS composites displayed extraordinary thermal 

conduction and could be used in wearable thermoelectric 

generator (TEG) devices that can promptly transport body heat 

from skin to surface of the composites. The maximum Seebeck 

voltage of 84 mV was achieved at an ambient temperature of 5 

°C (Fig. 5i). Therefore, the aligned composites can be utilized 

as wearable heat spreader to improve energy harvesting 

efficiency, which demonstrate potential in high-performance 

wearable electronics (Fig. 5l). These exciting examples 

demonstrate how the orientation of 2D nanomaterials can be 

leveraged to increase functionalities of thermoelectric devices 

for robotics, energy harvesting, electronics, among others. 
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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 Royal Society of Chemistry. (c) Optimum carrier concentration (nH) for thermoelectric figure of merit 

(ZT) and power factor. Reproduced from ref. 104 with permission from John Wiley and Sons. Well-aligned 2D Bi2Te3 nanoflakes as thermoelectric materials. SEM images of 

(d) cross section and (e) top view morphologies. (f) Seebeck voltage as a function of the temperature difference in aligned 2D and 3D Bi2Te3 nanoblocks. Reproduced from 

ref. 101 with permission from 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 upon different ambient 

temperatures. The red arrow refers to heat conduction direction. (l) Diagram of wearable thermoelectric device and its ability to light a LED bulb. Reproduced from ref. 103 

with permission from Elsevier. 
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2.3 Electrochemical energy harvesting 

An ideal electrochemical energy storage (EES) device should 

have low cost, long life span, high energy and power density, 

good recycling stability, and be safe. Two main types of EES 

devices are batteries and supercapacitors that are composed of 

two porous electrodes separated by a porous layer, the 

electrolyte. During charging and discharging, ions, such as 

lithium, travel back and forth between the cathode and the 

anode through the electrolyte (Fig. 6a). In supercapacitors, the 

energy storage is attributed to a double layer capacitance and a 

surface redox reaction creating a pseudocapacitance, as 

described in Fig. 6b. Since the discovery of graphene, 2D 

nanomaterials have become predominant electrode materials 

in pursuit of high power and energy density for batteries and 

supercapacitors.105-107 For example, MXenes have a conductive 

inner transition metal carbide layer that allow fast electron 

supply to active sites. Meanwhile, a transition metal oxide-like 

surface is redox active, and 2D morphology and nanoconfined 

fluid molecules enable fast ion transport.108-110 The MXene 

electrode structure in supercapacitors is able to deliver up to 

210 F g−1 at a scan rate of 10 V s−1 and a volumetric capacitance 

of ∼1,500 F cm−3.111 However, 2D nanomaterials used as 

electrodes tend to aggregate and restack into microparticles, 

which result in low electrolyte ionic conductivity and high 

electrode tortuosity and further limit ion transport between the 

electrode and the electrolyte. The ion transport in electrolytes 

includes ion migration and ion diffusion. It is related to the 

intrinsic conductivity of ions and the tortuosity of the porous 

electrode. The effective diffusivity in the electrolyte is 

commonly defined as: 

                                           𝐷𝑒𝑓𝑓 = 𝐷 ×
𝜀

𝜏
,                                   (3) 

where D is the diffusion coefficient, ε is the porosity, and τ is the 

tortuosity. An empirical correlation between ε and τ is provided 

by the Bruggeman-type relationship: 

                                                 𝜏 = 𝛾𝜀1−𝛼                                       (4) 

where α is the Bruggeman exponent correlated with the 

porosity, and γ is a scaling factor.112 When the conductive 

pathways are composed of straight channels that are parallel to 

the transport direction, τ is 1.113 A lower value of tortuosity 

leads to higher effective ionic diffusivity and ionic conductivity. 

Therefore, to facilitate ion transport in 2D nanomaterials-based 

electrodes, designing vertically aligned microstructures is a 

promising strategy to enhance power and energy density (Fig. 

6c).113 Numerous examples in the literature illustrate the 

benefits of this strategy in batteries and supercapacitors.114,115 

The most recent progress in this domain are reviewed in the 

following paragraph.  

Vertically aligned structures composed of 2D nanomaterials 

including graphite, graphene, lithium metal phosphate, MXene, 

and transition metal oxide have exhibited outstanding 

performances and promising commercialization for batteries 

and supercapacitors. Indeed, vertical alignment of 2D 

nanosheets enables directional ion transport that can lead to 

thickness-independent electrochemical performances in thick 

films.116-119 A recent work demonstrated successful alignment 

of graphite with superparamagnetic nanoparticles of Fe3O4 

driven by magnetic field, which allows cycling at a fast rate of 

up to 2 C with a specific charge three times higher than the 

anode with a disordered structure.120 The out-of-plane 

tortuosity of the graphite aligned perpendicularly to the current 

collector is reduced by nearly four. In addition to graphite, 

graphene has attracted much more attention because of its 

excellent electrical conductivity and ultrahigh surface area. 

Described by Hao et al., three structures of graphene including 

vertically (VGA), horizontally (HGA), and randomly (RGA) 

aligned electrodes were fabricated that showed a tortuosity of 

1.25, 4.46, 1.76, respectively.121 High electrode tortuosity 

induced locally higher current density on the top surface of 

horizontal alignment and random graphene which resulted in 

dendritic Li overgrowth on the surface (Fig. 6d,e). On the 

contrary, lower electrode tortuosity in the vertically aligned 

graphene enabled homogeneous Li transport and uniform Li 

deposition across vertically aligned graphene (Fig. 6f).121 Cycling 

Li on the different anodes in Fig. 6g, the HGA electrode showed 

a decay of the Coulombic efficiency (CE) of 90% after 24 cycles, 

whereas the CE of the RGA electrode decreased by 90% after 48 

cycles. In turn, the VGA electrode held a stable CE of ~99.08% 

after 150 cycles. In the voltage-capacity test, VGA presented 

lower overpotential (46 mV) than RGA (67.5 mV) and HGA (82 

mV) (Fig. 6h), and held a stable overpotential of ~46 mV even 

after 150 cycles (Fig. 6i).121 In another example, an electrode 

with vertically aligned Fe3O4/GO exhibited energy density of 724 

mA h g−1 at 2 A g−1, which was much higher than that with 

horizontal alignment.122 Beyond graphene, MXenes also have a 

large potential for enhanced supercapacitors. Vertically aligned 

MXenes allow ion transport directly inside the electrode which 

result in thickness-independent electrochemical performances. 

An example of vertically aligned titanium carbide (Ti3C2Tx, 

MXLLC) was achieved by mechanical shearing.116 The vertically 

aligned MXLLC exhibited much higher cyclic voltammogram 

performances than the horizontally aligned film. Furthermore, 

the Nyquist plots of MXLLC electrodes were nearly vertical at all 

frequencies, indicating that fast ion diffusion was critical for the 

independence to the thickness (Fig. 6k). In addition, the rate 

performance of the MXLLC films declined negligibly when the 

film thickness was increased from 40 µm to 200 µm (Fig. 6l). 

Some studies on vertically aligned structures in electrodes for 

EES are collected in Table 1, which demonstrate the better 

performance of vertical over horizontally oriented electrodes.  

These selected examples illustrate how controlling the 

orientation of 2D nanomaterials enhances the performance of 

batteries and supercapacitors.  
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Fig. 6 Schematic illustration of (a) batteries and (b) supercapacitors. C1 and C2 refer to the capacity of cathode and anode. (c) The Ragone plot of batteries and 

supercapacitors in which vertically aligned structure promote the enhancement of power and energy density. Li-deposition behavior in the structure of (d) horizontally 

aligned electrode (HGA), (e) randomly arranged electrode (RGA), and (f) vertically aligned electrode (VGA). Electrochemical performance of the reduced graphene oxide 

anodes with (g) Li cycling Coulombic efficiency (CE) on different anodes with ether electrolyte at a current density of 5 mA cm-2 and a capacity of 5 mAh cm-2. (h) 

Corresponding voltage-versus-capacity plot of different electrodes at first cycle. (i) Voltage-versus-capacity plot of VGA electrode during different cycles. Reproduced from 

ref. 123 with permission from Elsevier. Electrochemical performance of vacuum-filtered MXenes papers and MXLLC films with (j) cyclic voltammograms at a scan rate of 

100 mV s-1. (k) Nyquist plots for different MXenes films with real impedance Z’ and imaginary impedance Z’’. (l) Rate performance of vacuum-filtered MXenes papers and 

MXLLC films at scan rates ranging from 10 to 100,000 mV s-1. Reproduced from ref. 116 with permission from Springer Nature. 
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Table 1 The electrochemical performance of batteries and supercapacitors produced with vertically aligned 2D nanomaterials as the electrode. The electrode material, the orientation 

method and the electrode thickness are also featured in the table. The orientation methods are explained in the section 3 of this review 

Electrode Orientation method 
Electrode 

thickness 
Cycling stability Energy power& density Ref. 

3D aligned Fe3O4/GO 

Freeze-casting 

~600 µm 

- 724 mA h g−1 @ 2 A·g−1 

122 

Traditional slurry-

casting method 
- 162 mA h g−1 @ 2 A·g−1 

LiFe0.7Mn0.3PO4 

nanoplates/graphene 

Freeze-casting - 85.6% (450 cycles) 122.3 mA h g−1 @ 2 C 

124 
Traditional slurry-

casting method 
- 67% (450 cycles) 68.7 mA h g−1 @ 2 C 

Graphite/sodium 

carboxymethyl 

cellulose 

Freeze-casting 
575-800 

µm 
- 

∼18, ∼14, and ∼7 mA h cm−2 @ 

0.1 C, 0.2 C, and 1C 
125 

VOPO4 nanosheet 
Freeze-casting 

800 μm 
83% (500 cycles) 144 mA h g−1 @ 0.2 C 

126 
Drop-casting - 122 mA h g−1 @ 0.2 C 

Graphite 

 

 

Magnetically aligned 

casting 
- - 83 mA h g−1 @ 2 C 

120 

No alignment - - 23 mA h g−1 @ 2 C 

Ti3C2Tx/graphite 

Magnetically aligned 

casting 
- 90% (5000 cycles) 60 mA h g−1 @ 2 A g−1 

127 

No alignment - 77% (5000 cycles) 16.7 mA h g−1 @ 2 A g−1 

Ti3C2Tx Freeze-casting 700 μm 97.7% (14,000 cycles) 150 kW kg−1 @ 1000 A g−1 128 

MXLLC 

 

 

Shear induced 

alignment 
40-200 µm 100% (20,000 cycles) 220-207 F g-1 @ 20,000 mV s-1 

116 

Vacuum-filtered film 6-35 µm - 33-77 F g-1 @ 20,000 mV s-1 

We have seen that controlling the orientation of 2D 

nanomaterials can enhance the properties and functionalities 

of sensing and thermoelectric devices, as well as batteries and 

supercapacitors. These few devices are playing a major role in 

the development of greener energies, to detect polluting 

elements or generate energy. The key fundamental reason for 

the enhancement of the functionalities arises from the 

conjunction of the outstanding intrinsic properties of the 2D 

nanomaterials with their orientation in specific direction at the 

microscopic scale. Even though these various examples are 

exciting, a number of challenges remain for transposing these 

properties and enhanced functionalities into real, macroscopic 

devices, such as scale-up, locally controlled orientation and 

shaping, which are discussed here. To address these challenges 

in manufacturing, a number of versatile methods have been 

systematically investigated, which are reviewed in the following 

section. 

3. Processing techniques for controlled 
alignment 

The desired local orientation direction and global 

microstructure of a material is determined by what the 

application demands. Over the recent years, diverse techniques 

have been established to achieve specific orientations of 2D 

nanomaterials. We classify these orientation types into 

horizontal, vertical, heterogeneous, and arbitrary structures. 

Overall, some methods lead to one of these orientation types, 

whereas others can produce several, which is the case for 

example of magnetically assisted orientation and chemical 

vapor deposition (CVD). The methods that can achieve versatile 

orientations by tailoring the fabrication parameters will be 

discussed as arbitrary structural alignment processes. In this 

section, we give an overview of the most representative 

processing methods to achieve the four alignment types 

mentioned earlier using 2D nanomaterials. The advances of 

different alignment techniques, pivotal control parameters and 

typical aligned structures are discussed.  

 

3.1 Horizontal microstructures 

A material with good horizontal orientation of 2D nanomaterials 

shows typically exfoliated, dispersed nanosheets, that are 

stacked in a highly ordered aligned structure. In turn, this 

alignment allows a higher concentration of nanosheets and 

highly compact assembly. Thanks to this horizontal orientation, 

the anisotropic nanoscopic properties of the 2D nanomaterial 

can be transferred to the larger structure. For example, the 

anisotropic orientation can strengthen the macroscopic 
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material along the aligned direction, while the properties in the 

perpendicular direction are not affected.129 The techniques to 

obtain horizontally aligned structures typically are vacuum-

assisted filtration, tape casting, wet spinning, centrifugal 

casting, direct bottom-up synthesis, hot pressing and self-

assembly, and are summarized in Table 2. The mechanisms, 

characteristics and advantages of these techniques are 

systematically introduced in this section. 

 

3.1.1 Vacuum-assisted filtration 

Vacuum-assisted filtration (VAF) or vacuum-assisted self-

assembly (VASA), is a flexible technique to synthesis well-

ordered and free-standing films or papers.129 It is one of the 

simplest and most commonly used methods to achieve 

horizontal alignment for a wide variety of 2D nanomaterials. Fig. 

7a1 illustrates the fabrication process using VAF of a film with 

horizontally ordered layers, starting from a liquid solution 

containing dispersed nanosheets. This method utilizes vacuum-

generated flow to filtrate the nanosheets from the aqueous or 

organic dispersion over a filtration membrane. In addition, to 

obtain a homogeneous dispersion in the final layered 

nanosheets and increase its mechanical properties, 

a hydrophilic or hydrophobic polymer can be added into the 

dispersion.129-131 The mechanism of the horizontal alignment via 

VAF is explained by the densification process during solvent 

removal. In a typical vacuum filtration process, when the 

solvent is gradually removed, the well-dispersed nanosheets 

are brought into close contact, leading to formation of semi-

ordered loose aggregates. As the top loose aggregates are 

exposed to the air-solvent interface, the compression force 

brings the nanosheets to the perpendicular direction of the 

flow. The gaps between nanosheets close, resulting in the 

formation of a compact film.130 In the end, assisted by VAF, the 

disordered nanosheets in solution are sequentially aligned 

parallel to the air-solvent interface (Fig. 7a2-a4). For example, 

Lin et al. synthesized highly-aligned graphene oxide (GO) papers 

by using VAF.132 Thanks to the ultralarge GO nanosheets 

(average area of 272.2 μm2) with compact stacking and well-

aligned microstructures, the GO paper achieved more than 3-

fold improvement in electrical conductivity and enhanced 

mechanical properties including Young's modulus by 320% and 

tensile strength by 280%. Similarly, Ling et al. reported flexible 

and free-standing Ti3C2Tx MXene films fabricated by VAF.133 By 

tailoring the MXene content in solution, the obtained film 

thickness can be easily controlled. The as-fabricated Ti3C2Tx 

films could be used as electrodes in supercapacitors because of 

the rapid cation intercalation between the well-aligned layers. 

Moreover, Ding et al. manufactured membranes with 

horizontally oriented MXene using VAF.134 Owing to the regular 

sub-nanometer spacing between aligned MXene layers, the 

membrane provided fast and precise molecular sieving 

channels for gas separation with H2 permeability higher than 

2200 Barrer and the H2/CO2 selectivity higher than 160. 

Although VAF method has multiple advantages such as 

unlimited material selection, simple setup and facile control of 

film thickness, it also has limitations from the time-consuming 

procedure and prerequisite of low viscosity for efficient 

filtration, especially when a polymer is involved.  

 

3.1.2 Tape casting 

Tape casting, doctor blading or knife coating, is a well-

established method to induce shear-induced alignment and to 

fabricate thin membranes from a viscous slurry.135,136 The 

membrane thickness can vary from 0.01 to several millimeters, 

and can be controlled by setting the distance between the 

doctor blade and the substrate. More importantly, the 

membrane’s lateral dimension is only limited by the 

shear apparatus, allowing its utilization in commercial 

production. In a typical slurry preparation, the 2D nanosheets 

or ceramic precursors are mixed with solvent, dispersant, 

binder and plasticizer at a ratio optimized for homogeneity and 

shear-thinning properties. The procedure is to use the doctor 

blade to spread out the slurry over a flat substrate (Fig. 

7b1).137,138 Due to the shear generated by the motion of the 

doctor blade, the initial random orientation of the 2D 

nanosheets in slurry is overcome and well-aligned layers are 

formed.138 For example, Akbari et al. introduced tape casting as 

a scale-up method to fabricate highly ordered graphene-based 

membranes.137 The top surface morphologies of the film 

showed good uniformity and continuity (Fig. 7b2). They further 

investigated the extent of local orientation as the in-plane 

stacking order in the membranes using polarized light imaging, 

where a scalar parameter, 𝑆 , was used to quantify the 

alignment extent (Fig. 7b3). This scalar parameter is defined by: 

                                    𝑆 =
1

2
< 3𝑐𝑜𝑠2𝜃 − 1 >                   (5) 

where 𝜃  is the angle between mean azimuth and each pixel. 

When 𝑆 = 1, the alignment is perfectly oriented in parallel, while 

𝑆 = 0 represents the completely random alignment. As a result, 

the shear-aligned membrane exhibited 𝑆  values about 0.99. 

Their results indicate the potential of tape casting to obtain 

aligned 2D nanomaterials.  

 

3.1.3 Wet spinning 

Wet spinning is a mature technology that is industrially viable. 

It is a solution spinning process, where a thermoplastic polymer 

is dissolved in a solvent and extruded through a spinneret to 

form fibers that consolidate as the solvent evaporates. When it 

comes to 2D nanomaterials, this technique has been utilized to 

fabricate fibers which contain layer-stacked nanosheets. In a 

typical synthesis procedure, the nanosheets are well-dispersed 

in an organic solvent. Then, the macroscopic assembly of fibers 

is conducted by continuously spinning into the coagulation bath 

via a spinneret (Fig. 7c1,c2).139 When the dispersion passes 

through the spinneret, a unidirectional flow is generated that 

assembles the nanosheets horizontally along the fiber direction. 

The as-fabricated fibers exhibit dense and layered 

microstructure containing nanosheets and polymers, which 

recalls the brick-and-mortar fashion found in natural nacre (Fig. 

7c3,c4). Moreover, it should be noted that the successful 

alignment of nanosheets is closely related to their liquid crystal 

self-assembly in the initial colloidal dispersion. The formation of 
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nematic and lamellar liquid crystals with nanosheet colloids is 

critical in achieving desired alignment, where the material 

concentration, size and dispersion should be properly 

controlled.140-142  

 

3.1.4 Centrifugal casting 

Compared with the previous mechanical force-assisted 

methods, centrifugal casting is a time efficient method to 

assemble 2D nanomaterials into highly aligned and compact 

films.57,143 For example, it can complete the synthesis of 10-μm-

thick graphene oxide films within 1 minute, which provides 

possibility of fast processing for industries.57 Moreover, 

centrifugal casting is scalable and can produce continuous films 

up to the meter scale. Fig. 7d1 presents the schematic of 

continuous centrifugal casting process of GO nanosheets. In a 

typical process, the nanosheets are dispersed in solution which 

continuously deposits on the inner surface of a hollow tube 

rotating at speeds up to 2500 r min-1. A temperature of about 

80 °C can be applied simultaneously to accelerate the solvent 

evaporation. After reaching the desired thickness and complete 

water removal, the homogeneous GO film is obtained (Fig. 7d2). 

Due to the high-speed rotation of the hollow tube, a strong 

centrifugal force is induced along the radial direction. 

Meanwhile, the velocity difference between the casted solution 

and rotating tube generates shear forces along the tangential 

directions. These forces bring the nanosheets into a compact 

and highly ordered configuration (Fig. 7d3).57,144,145 

 Fig. 7 Horizontal alignment of 2D materials assisted by mechanical force. (a1) Schematic representation of the vacuum-assisted filtration of nano-composite 

films. Reproduced from ref. 129 with permission from John Wiley and Sons. (a2) SEM image showing cross section of the horizontally aligned MXene membrane. 

Reproduced from ref. 134 with permission from Springer Nature. (a3) SEM image of aramid nanofiber (ANF)/BNNS film with tightly packed microstructure. 

Reproduced from ref. 146 with permission from John Wiley and Sons. (a4) Cross-sectional SEM images of flexible free-standing Ti3C2Tx/PDDA films. Reproduced 

from ref. 133 with permission from National Academy of Science. (b1) Schematic of tape casting processing of nematic graphene oxide (GO). (b2) SEM image 

showing top surface of the shear-aligned GO membrane. (b3) Organization of graphene sheets in membranes. Reproduced from ref. 137 with permission from 

Springer Nature. (c1) Schematic representation of wet spinning for polyacrylonitrile-grafted GO (GO-g-PAN) fibers and (c2) fabricated GO-g-PAN fibers. (c3) and 

(c4) Cross-sectional SEM images of GO-g-PAN3 fibers with horizontally aligned layers. Reprinted with permission from ref. 139. Copyright (2013) American 

Chemical Society. (d1) Schematic of the continuous centrifugal casting process. (d2) A GO film with a dimension of ~30 × 10 cm2 and a thickness of ~100 μm. (d3) 

SEM image of a GO film showing highly aligned and compact layered structure. Reproduced from ref. 57 with permission from Springer Nature.  
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3.1.5 Bottom-up approach 

Bottom-up approaches are direct ways to synthesize 

horizontally aligned 2D nanomaterials. They allow the 

fabrication of films of controlled sizes, thicknesses and 

orientation, which make them convenient and scalable 

routes.15 Besides chemical vapor deposition (CVD), other 

representative chemical methods that can grow oriented 2D 

nanomaterials from small molecules are hydrothermal 

synthesis and gelation growth.15,147-152 For example, the 

hydrothermal or solvothermal synthesis methods are classical 

wet-chemical routes for nanomaterials, especially the inorganic 

ones.153,154 They are conducted in a sealed vessel, where the 

reaction medium is water for hydrothermal and an organic 

solvent for solvothermal reaction. The principle of the synthesis 

is to heat the reaction medium above the boiling temperature 

of the solvent, to generate high pressure which leads to the 

reaction and growth of nanocrystals. By using a hydrothermal 

method, Xu et al. synthesized horizontally aligned 2D hybrid 

sheets of V2O5 and reduced graphene oxide (rGO/V2O5) (Fig. 

8a1), which can be utilized as cathodes for lithium-ion 

batteries.155 As shown in Fig. 8a2, the 2D hybrid sheets 

exhibited a wrinkled surface which increased the accessible 

surface area for ion interaction. In addition, the cross-sectional 

SEM image revealed well-defined horizontally oriented layers 

made of 30 nm-thick nanosheets (Fig. 8a3).  

Another typical wet-chemical strategy for directional 2D 

nanomaterial assembly is gelation growth.151,152 It is a simple 

and straightforward way to assemble macroscopic structures 

from nanosheets. For example, Yang et al. reported the ordered 

gelation of graphene hydrogel films from chemically converted 

graphene in water without the need for additional 

gelators.156,157 Later, Maiti et al. demonstrated the successful 

fabrication of reduced graphene oxide films in µm-thick 

hydrogels with porous and planarly aligned microstructures.158 

To obtain this structure, Zn foils were immersed in a mildly 

acidic GO dispersion to induce the spontaneous growth of 

graphene hydrogels on the Zn surface (Fig. 8b1). The 

mechanism of this spontaneous interfacial gelation can be 

explained by the reduction process as shown in Fig. 8b2. 

Because of the lower reduction potential of Zn, there is 

continuous electron transfer from the Zn metal surface to the 

GO. As a result, ionized Zn2+ tightly attach to the negatively 

charged GO nanosheets, leading to layer-by-layer interfacial 

stacking at the basal planes (Fig. 8b3,b4). Generally, the 

gelation growth thickness is controlled by the immersion time: 

a 78-μm-thick gel film can be typically obtained within one hour. 

At the same time, lateral dimension of the graphene film is 

determined by the substrate, rendering the procedure scalable. 

 

3.1.6 Hot-pressing 

Fig. 8 Horizontal alignment of 2D materials by bottom-up approach. (a1) Schematics of the hydrothermal fabrication process of rGO/V2O5 hybrid sheets. (a2) Top view SEM 

image of rGO/V2O5 hybrid sheets showing a wrinkled surface. (a3) The cross-section SEM image showing individual layers. Reproduced from ref. 155 with permission from 

Royal Society of Chemistry. (b1) Schematic representation of the interfacial gelation mechanism where a Zn foil (in grey) is immersed in a GO dispersion (black). 

(b2) Graphene gelation mechanisms at the surface of the metallic foil. (b3) and (b4) Morphologies of the graphene aerogels. Reproduced from ref. 158 with permission 

from John Wiley and Sons.  
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Hot-pressing, which consists in simultaneously applying heat 

and pressure, is a popular fabrication method to assemble 

nanomaterials when high relative density is required. Under the 

uniaxial pressure, planarly oriented microstructure can be 

formed from pre-stacked nanosheets. Or in other cases, self-

aligned texture can be formed during sintering due to the 

uneven stress distribution around nanosheets.159-162 Using this 

method, Liu et al. fabricated aligned graphene/polycarbonate 

composites with multiple parallel layers.163 For planar stacking, 

each layer thickness was exponentially scaled with successive 

stacking and folding in quadrant, and the hot-pressing could 

further improve the interlayer integration (Fig. 9a1). After 

repeating the process, multiple-layered graphene composites 

were obtained, presenting closely spaced and horizontally 

aligned layers (Fig. 9a2). As a result, the elastic modulus and 

strength were significantly enhanced at exceptionally low 

volume fractions of only 0.082%. Other than pre-stacking and 

compressing, the 2D nanomaterials can be alternatively 

assembled into complex precursor such as granular particles, 

where the nanosheets are aligned around the sphere, before 

conducting hot-pressing. Zhang et al. reported thermally 

conductive but electrical insulating segregated double network 

in graphene/h-BN-based composites via hot-

pressing.164 Further hot compressing treatment into thinner 

sheets can improve the intrinsic filler orientation. Additionally, 

the hot-pressing synthesis procedure is scalable, allowing 

fabrication of dense product with controllable thickness. 

 

3.1.7 Langmuir-Blodgett (LB) assembly 

The Langmuir-Blodgett (LB) method is a classical interfacial 

assembly strategy that operates at the liquid-air interface.165-168 

Typically, the molecules or nanosheets are initially dispersed in 

a water-immiscible volatile organic solvent. Then, the 

dispersion is spread dropwise onto water surface. After the 

solvent has evaporated, a water-supported thin layer is formed, 

which can be later transferred to a substrate and compressed. 

When it comes to controlled horizontal alignment of 2D 

nanosheets, the Langmuir-Blodgett (LB) method has been 

further developed by tuning the dewetting instability of the wet 

monolayer upon transferring, which involves the wet transition 

from complete to partial wetting. Consequently, the alignment 

and patterning design of 2D nanomaterials can be accessible 

without additional template.169-171 Kim et al. investigated the 

edge-to-edge interactions between neighbouring graphene 

oxide sheets via LB assembly.168 In this case, the water surface 

was utilized as an ideal platform to assemble the 2D 

nanosheets. To improve the spread capability of nanosheets by 

LB methods, Nie et al. developed a general method by 

combining it with electrospray (Fig. 9b1).169 Benefiting from the 

reduced volume of the aerosolized droplets, the diminished 

droplets are depleted rapidly in the initial spreading and leave 

all the nanoparticles on the water surface, leading to efficient 

LB assembly as shown in Fig. 9b2.  
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Fig. 9 Horizontal alignment of 2D nanomaterials by (a) hot-pressing and (b) Langmuir-Blodgett assembly. (a1) Stacking and hot-pressing method for 

planar composites. (a2) SEM images of the planar composites with different layer thickness. Reproduced from ref. 163 with permission from American 

Association for the Advancement of Science. (b1) Schematic representation of conventional Langmuir-Blodgett process and electrospray. (b2) Water-

dispersed graphene sheets on a Si wafer by electrospray at increasing surface pressures. Reprinted with permission from ref. 169. Copyright (2015) 

American Chemical Society. 
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Table 2 Processing techniques for horizontal alignment of 2D nanomaterials 

Method Alignment principle Achieved 

structure 

Advantages Limitations Ref. 

Vacuum-assisted 

filtration 

Vacuum filtration of 

colloidal solution to 

compress the 2D 

nanosheets 

horizontally 

Film, highly 

ordered, 

free-standing 

layered structure 

Wide material 

selection, 

inexpensive, 

simple setup 

Time-consuming 

process, 

requires low viscosity 

in colloidal solution 

129-

134,146,172,173 

Tape casting  Apply horizontal 

shear force on 

a viscous solution 

using a doctor blade 

Film, highly 

ordered, layered 

structure 

Scalable, industrially 

adaptable 

Slow processing 137,138,174,175 

Wet spinning Extrude and spin a 

self-assembled 

colloidal dispersion 

through a spinneret 

in a solution bath 

Fiber, layered 

structure 

Industrially adaptable, 

no thermal 

degradation 

Slow processing 

requires volatile 

organic solvents 

139,140,142,176 

Centrifugal 

casting 

Cast the 2D 

nanosheets 

dispersion on the 

inner surface of a 

rotating hollow tube 

to align them using 

centrifugal force 

Film, highly 

aligned, compact 

layered structure 

Wide material 

diversity, high 

efficiency, 

scalable synthesis 

Requires specific 

equipment, with 

proper inside diameter 

for efficient centrifuge 

57,144,145 

Hydrothermal Heat an aqueous or 

organic medium 

above boiling point 

to induce pressure 

rise and chemical 

reaction 

Nanosheets/film, 

well-defined 

aligned layers 

High quality 

nanocrystals, high 

yield, low cost 

Requires specific 

autoclaves, safety issue 

during reaction 

153-155 

Gelation Nanosheet hydrogel 

growth at solid-liquid 

interface by an 

electrochemical 

reaction 

Film, porous 

layered structure 

Simple setup, 

scalable, 

controllability of gel 

structures 

Porous morphology, 

time-consuming 

process 

151,156-158 

Hot-pressing Densification process 

using uniaxial 

pressure and 

temperature to 

simultaneously align 

and sinter 

Film/bulk, closely-

packed structure 

Compact 

microstructure, 

improved mechanical 

properties 

Requires specific 

equipment and 

operation, limited 

efficiency 

159,163,164,177 

Langmuir-

Blodgett (LB) 

assembly 

Spread 2D 

nanosheets at liquid-

air interface which 

align due to capillary 

forces. 

Thin monolayers 

films 

Simple operation, 

accurate thickness 

control 

Limited resistivity to 

high temperature, slow 

deposition 

168,169,171,178,179 

3.2 Vertical microstructures 

The anisotropic property of 2D nanomaterials is one of the most 

critical features to achieve unique functionalities. When they 

are aligned vertically, the 2D nanosheets can provide more 

reaction sites from the exposed edges as compared to when 

they are horizontally aligned. Also, the increased surface area 

resulting from vertical alignment in forest-like configuration can 

for example lead to more efficient conduction pathways. In this 

section, we review several representative strategies to achieve 

the vertical alignment of 2D nanomaterials. The typical 

processing, achieved structures, advantages and limitations of 

the techniques are tabulated in Table 3. Some universal 

techniques are capable of conducting diverse aligned patterns 

including horizontal and vertical structures and will be tackled 

in the arbitrary aligned section. 
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3.2.1 Shear force 

Achieving vertically alignment of 2D nanomaterials is 

considered more difficult than horizontal alignment since 

gravitational force needs to be overcome. Shear resulting from 

flow-induced fluctuations in smectic or lamellar self-assembled 

colloidal phases, is one effective route. This shear-induced 

orientation depends on the torque that is generated 

perpendicularly to the shear direction.116,180 Tape casting is a 

typical technique to shear. Assisted by tape casting, highly-

ordered horizontal structures have obtained as mentioned 

above (Fig. 7b). Nevertheless, tape casting can also lead vertical 

alignment of 2D nanosheets under controlled conditions (Fig. 

10a1). When 2D nanosheets are well-dispersed in aqueous 

solution, long-range oriented mesophases spontaneously form 

as the discotic liquid crystal phases where the nanosheets are 

aligned parallel to each other.140,181 Under the external 

mechanical shear, a vertical torque arising from the flow-

induced fluctuation is generated, which orients the aligned 

nanosheets in the mesophases, vertically (Fig. 

10a2,a3).116,180,182 The applied shear rate for vertical orientation 

should be adjusted according to the particle size, with larger 

particles requiring a lower shear rate.116 Furthermore, extrusion 

is another method to induce shear. As one of the most 

commonly used processing techniques in plastic industry, it is 

also suitable for orienting 2D nanomaterials having high 

anisotropy.183 The typical extrusion process is illustrated in Fig. 

10b1. The critical control parameters to achieve good 

distribution and orientation of 2D nanosheets include a 

relatively low processing temperature, suitable draw ratios (the 

ratio between extrudate pulling velocity and average velocity in 

extrusion die), sufficiently high local shear rates and shear 

stresses inside the die for orientation. After extrusion, cutting 

along the transverse section is required to reveal the vertically 

aligned nanoflakes (Fig. 10b2). By providing a biaxial stress field 

by combining rotation and extrusion, the 2D nanoflakes could 

be further assembled into perpendicular alignment to radial 

direction (Fig. 10c1-c3).184  

3.2.2 Laser irradiation 

Fig. 10 Vertical alignment of 2D nanomaterials assisted by shear force. (a1) Schematic representation of tape casting of liquid-crystalline Ti3C2Tx. Reproduced from ref. 185 

with permission from Elsevier. (a2) Top view SEM image of the MXene lamellar liquid crystal (MXLLC). (a3) Side view of vertical MXene nanosheets. Reproduced from ref. 

116 with permission from Springer Nature. (b1) Schematic representation of extrusion process of graphite nanoplatelets (GNP) and polyethylene (LDPE) nanocomposites. 

(b2) Surface morphology of extruded GNP-LDPE composite with transverse section. Reproduced from ref. 183 with permission from John Wiley and Sons. (c1) Schematic 

illumination of rotation extrusion equipment. (c2) Cross-sectional SEM images of the extruded composites. (c3) Magnified area of (c2) in which yellow arrows refer to 

nanofiller alignment direction. Reproduced from ref. 184 with permission from Elsevier. 
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Laser irradiation is a newly developed technique to process and 

orient 2D nanomaterials.186-188 Thanks to recent development 

of a diverse range of lasers, laser irradiation as a method to 

process nanomaterials is blooming.189-191 Different from most 

conventional material processing techniques, laser irradiation 

brings rapid heat and localized high energy to materials, 

allowing precise control over the material microstructures.188 

Park et al. reported the fabrication method of L-shaped 

graphene nanostructures with vertical alignment and reduced 

defect level through laser irradiation.186 Fig. 11 presents the 

fabrication process of laser-induced L-shaped graphene 

nanostructures. Initially, a horizontally aligned graphene oxide 

(GO) film was prepared by filtration. Then, as the laser 

irradiated the surface of the horizontally stacked GO film, 

compression stresses generated because of thermal expansion 

of individual GO nanosheets. As a result, the GO nanosheets 

were locally re-aligned in vertical direction. Also, the high 

energy density from CO2 lasers could even heal the defects 

within the graphene nanosheets by removing the oxygen-

containing functional groups. The as-fabricated L-shaped 

graphene nanoarchitectures exhibited high hydrophobicity, 

excellent electron transport and thermal conduction due to the 

localized vertical orientation and lower defect level. 

3.2.3 Hydrothermal and solvothermal synthesis 

The hydrothermal and solvothermal synthesis strategies 

introduced in section 3.1.5 to produce horizontal layers (Fig. 8a) 

can also create vertically aligned nanosheets. Through 

hydrothermal reaction, vertically aligned nanosheets have been 

grown on various substrates under well-controlled growth 

parameters, and are applicable to diverse material types and 

geometries such as nanowires, nanospheres, nanosheets, and 

nanoribbons.192-196 Generally, the morphology of the grown 

nanostructures can be tuned by controlling the template seed 

growth, reaction temperature, pH and by adding surfactants.197-

199 Fig. 12a1 displays a typical solvothermal synthesis procedure 

for vertically oriented VO2(B) nanobelts.200 Before solvothermal 

growth, a thin layer of vertically oriented graphene was grown 

on the flat substrate by plasma enhanced CVD, which improved 

the vertical growth of the nanobelts into a forest structure with 

enhanced densification. Later, the precursor slurry was loaded 

on the graphene coated substrate in an autoclave, in which the 

densely packed nanostructure self-assembled with vertical 

orientation as shown in Fig. 12a2 and 12a3. Similarly, vertically 

alignment of 𝛼-MoO3 nano-blades was achieved by 

hydrothermal method (Fig. 12b1). The obtained nano-blades 

were arranged in rows and bundles, showing a flower-like 

structure. The individual nano-blades were of 10 to 50 nm-

width without stack onto each other (Fig. 12b2,b3). 

 

3.2.4 Templated growth 

Synthesis of vertically aligned 2D nanosheets can also be 

implemented by the self-assembly of sacrificial particles called 

templates. Typically, the nanostructures fabricated by template 

induced self-assembly exhibit highly-interconnected 

nanostructures, strong interface adhesion and good structural 

robustness, etc. For example, Zhu et al. investigated a general 

salt-templating method that led to vertically oriented graphitic 

carbon nanosheets.201 Fig. 12c1 presents the schematic 

illustration of the salt-templating process. In short, the 

precursor was mixed with the ZnCl2 and KCl salt mixture before 

being coated onto a nickel foam substrate. After heat treatment 

and template removal, the vertically aligned and highly-

interconnected nanosheets were obtained (Fig. 12c2,c3). In this 

case, the formation of vertical orientation of the 2D nanosheets 

could be attributed to two reasons. One is the nickel induced 

dissolution and crystallization of carbon on the surface of the 

substrate, leading to the directional growth of graphitic carbon 

distal to the surface. The other reason is that the salt mixture 

acts as a porogen and helps in forming separated flat structures. 

Fig. 11 Vertical alignment of reduced graphene oxide nanosheets by laser irradiation. (a) Schematic of the CO2 laser irradiation fabrication process of vertically aligned 

nanostructure. (b) and (d): Top view of the vertically aligned nanosheets. (c) and (e): Cross-sectional view of the as-fabricated nanostructure. Reproduced from ref. 186 

with permission from Elsevier. 
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In another example, Li et al. reported templated growth of 

vertically aligned 2D metal-organic framework (MOF) 

nanosheets (Fig. 12d1-d3).58 To achieve the nanocrystal 

orientation, a layer of horizontally aligned 1D halloysite 

nanotubes was deposited as the nucleation sites for 2D MOF 

nanosheets. This pre-fabricated layer also plays a role in guiding 

the vertical growth of nanosheets. 

 

 

 

 

 

 
 

Fig. 12 (a1) Schematic showing the solvothermal synthesis of VO2(B) nanobelts (NB) on a vertically oriented graphene (VOG)-coated substrate. (a2) Top morphology of 

aligned VO2(B) nanobelts. (a3) Cross-sectional SEM image of grown VO2(B) nanobelts. Reproduced from ref. 200 with permission from Royal Society of Chemistry. 

(b1) Schematic representation of hydrothermal synthesis process of vertically aligned 𝛼-MoO3 nano-blades. (b2) HRTEM image of 𝛼-MoO3 nano-blades. (b3) SEM image 

showing vertical alignment of 𝛼-MoO3 nano-blades. Reproduced from ref. 192 with permission from Royal Society of Chemistry. (c1) Schematic illustration of the salt-

templating process for vertically aligned 2D nanosheets. (c2) and (c3) Typical morphologies of the grown graphitic carbon nanosheets. Reprinted with permission from ref. 

201. Copyright (2015) American Chemical Society. (d1) Schematic illustration of the halloysite nanotubes (HNTs) modification on polyacrylonitrile (PAN) membrane and 

templated growth of vertically aligned zeolitic imidazolate framework-L (ZIF-L) 2D MOF nanosheets. (d2) Cross-sectional and (d3) top-surface of the vertically aligned MOF 

membrane. Reproduced from ref. 58 with permission from Royal Society of Chemistry. 
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Table 3 Processing techniques for vertical alignment of 2D nanomaterials 

Method 

 

Alignment technique Achieved 

structure 

Advantage Limitation Ref. 

Tape casting Induce vertically 

oriented torque by 

horizontally shearing 

with a blade on a 

solution containing 

liquid-crystalline 

nanosheets 

Film, vertically 

packed 

nanosheets 

Scalable, 

nearly thickness-

independent 

Slow processing 116,180,182,185 

Extrusion Align 2D nanoparticles 

along the extrusion 

direction through a die 

and cut 

perpendicularly to this 

die 

Tube, vertically 

oriented 

nanosheets 

Flexible alignment 

direction 

Requires specific 

equipment and 

post processing 

(cutting) 

119,183 

Laser irradiation Irradiate high energy 

laser on the surface of 

a nanosheet film to 

induce local 

compression forces 

L-shaped 

nanostructures in 

thin film 

One-step process, 

local control enabling 

patterning 

possibility, reduces 

nanosheet defects 

Requires 

equipment for 

laser generation 

186 

Hydrothermal/Solvothermal 

synthesis 

Bottom-up 

nanostructure growth 

on substrate in 

solution 

Film, direct 

vertical 

alignment, 

densely packed 

nanostructure 

Versatile and cheap, 

direct growth of 

nanostructures, low 

reaction temperature 

 Require 

autoclave 

equipment and 

proper safe 

operation 

192,200,202 

Templated growth Template induced 

nanostructure 

crystallization and 

growth on pre-

fabricated supports 

Film, densely 

packed 

nanostructure 

Tunable particle size, 

highly-

interconnected 

nanostructures 

Requires pre-

fabricated 

templates and 

precise control 

of template 

growth 

58,201 

3.3 Heterogeneous microstructures 

Beyond purely horizontal or vertical alignment, the creation of 

more complex microstructures with ordered 2D nanomaterials 

can also generate novel functionalities. The heterogeneous 

architectures are typically beneficial for enhancing interfacial 

interactions of ion diffusion by increasing the density of reaction 

sites, which may facilitate applications such as catalysis, energy 

storage and so on. In this section, we review several emerging 

approaches used to fabricate heterogeneous microstructures as 

summarized in Table 4. By using different synthesis 

technologies, diverse periodic textures and microstructures can 

be effectively tuned.  

 

3.3.1 Crumpling 

2D nanomaterials have a large surface area and tunable surface 

functionalities. They are much easier to bend or fold than 

stretch in planar direction, leading to morphological surface 

instabilities.203,204 This mechanical instability has been further 

utilized to create 3D crumpled architectures with the assistance 

of external stimuli. Crumpled graphene films, as an example, are 

extensively studied for energy storage, electronics, 

biomedicine, etc., where the crumpling degree is pivotal in 

determining their performances.205,206 To crumple a graphene 

film, this film is first adhered on a pre-stretched elastomeric 

polymer substrate or any other substrate able to shrink. When 

the substrate relaxes, it shrinks, inducing compression in the 

graphene layer that crumples due to its high stiffness (Fig. 

13a1).59,207-209 Furthermore, the substrate shrinkage can be 

controlled to be isotropic or anisotropic. For isotropic shrinkage, 

the sample is simply annealed without mechanical stress, 

showing a flower-like crumpled morphology (Fig. 13a2). As for 

anisotropic, uniaxial and hierarchical crumpling, the relaxation 

of the substrate is conducted by anchoring one of its side during 

the shrinkage (Fig. 13a3,a4).59 The crumpled patterns are 

typically in sub-micro scale, which are applicable for various 

applications such as electrochemical catalysis, strain sensor and 

stretchable conductor.210,211 The crumpling method could be 

more suitable for synthesizing small sample sizes rather than 

scalable products to precisely control the shrinkage of 

substrate. 

 

3.3.2 Scrolling 

Scrolling is a simple way to assemble 2D nanomaterials into 

fibers with heterogeneous structure, which typically shows a 
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spiral cross section. It provides broad material selections 

without specific requirements of the composition, chemical 

bonding or nanomaterial dimension. During scrolling, a planar 

film containing ordered nanosheets is rolled into a cylinder. The 

dimensions and intrinsic microstructure of the cylinder can be 

easily controlled by varying the initial film parameters, such as 

thickness and orientation.118,163 Fig. 13b1 provides an example 

of transverse shear scrolling method. Liu et al. demonstrated 

the feasibility of this method for fabricating closely packed 

spiral microstructures in graphene-based nanocomposites (Fig. 

13b2 and 13b3).163 The scrolled graphene nanocomposites with 

heterogeneous structure exhibited anisotropic electrical 

conduction along the graphene planar axis with electrical 

conductivity about 4 S cm-1 at a low volume fraction of about 

0.185%, and the transparency was maintained at the same time. 

Similarly, Chen et al. reported the fabrication of tightly packed 

and interconnected BN nanosheets composites using 

scrolling.212 These nanocomposites exhibited enhanced 

through-plane thermal conductivity of 1.94 W m K-1 with 15.6 

vol% BN nanosheets, which are beneficial for thermal 

management applications. The heterogeneous structures of 2D 

nanomaterials synthesized by scrolling are typically fibers in 

micro or millimeter scale, which are still challenging for 

industrial fabrication. 

3.3.3 Layer-by-layer (LBL) assembly 

Layer-by-layer (LBL) assembly is one of the most extensively 

used methods for synthesizing nanocomposites with 

heterogeneous compositions and structures at high filler 

loadings. It consists in assembling individual layers of 

nanoparticles in a sequential manner, therefore allowing for the 

fabrication of building heterogeneous structures composed of 

different components. LBL assembly is thus a versatile approach 

to combine individual layers of various morphologies or 

different material type, and where the film thickness can be 

precisely controlled.213-215 In practice, the LBL assembly is 

realized using dipping, spinning or spraying as shown in Fig. 

14a1-a3. In a typical LBL dipping assembly procedure, a 

substrate is sequentially immersed into the colloidal solutions 

containing the nanosheets. The heterogeneous film with 

multilayer structure can be formed by repeating the dipping 

process. The formation of layered structure with high ordering 

is closely related to the strong interactions between individual 

components, such as electrostatic force, covalent bonding, 

hydrophobic interaction and so on.129,213 To guarantee high LBL 

packing, the deposited material components should be selected 

to bound together. This can be improved by introducing surface 

modifications such as functional groups or surfactants. For 

example, Lee et al. utilized spin coating LBL method to assemble 

positively charged rGO and negatively charged rGO as one 

bilayer. A multilayer structure with 10 bilayers was obtained by 

repeating the procedures (Fig. 14a4).216 The size and thickness 

of the fabricated structures are set by the substrate dimension 

and repeat times, respectively, which provide possibility for 

scale-up applications. 

 

3.3.4 Freeze-drying assisted self-assembly 

2D nanomaterials with high aspect ratios can be self-assembled 

into aligned domains when they are in the liquid crystal form. 

Fig. 13 Heterogeneous graphene nanostructures created by (a) crumpling and (b) scrolling. (a1) Schematic illustration of crumpling for self-assembled nanopattern. SEM 

images of (a2) isotropically, (a3) uniaxially, and (a4) hierarchically crumpled graphene with different shrinkage directions specified in read arrows. Reproduced from ref. 59 

with permission from John Wiley and Sons. (b1) Schematic illustration of scrolling graphene/polycarbonate (G/PC) nanocomposite. (b2) Optical microscope image of the 

scrolled fiber. (b3) Cross-sectional SEM images of the scrolled fiber. Reproduced from ref. 163 with permission from American Association for the Advancement of Science. 
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Liquid crystals (LCs) are particles in the intermediate state 

between amorphous liquid and crystalline solid. LCs therefore 

exhibit mobility and self-assembled ordering under competing 

driving forces from packing and orientation entropies. LC size, 

concentration, repulsion and solvent viscosity greatly influence 

their self-assembling behavior.217 Furthermore, with the 

assistance of freeze-drying, which provides rapid growth of ice 

crystals, the self-assembly of 2D nanosheets from dilute LC 

suspension can be induced by concentrating the LCs between 

the crystals. As an example, Yao et al. organized GO nanosheets 

into LCs with high heterogeneous orientations by increasing the 

pH value of their dispersion with potassium hydroxide (KOH) 

(Fig. 14b1).218 The self-assembled nanosheets exhibited 

inherently interconnected microstructure. In strong alkaline 

base such as KOH, the enhanced electrostatic repulsion 

between GO sheets could be increased, leading to higher 

fluidity and a highly ordered texture. After hydrothermal 

reduction of GO LCs and subsequent freeze-drying, a spiral 

microstructure with better aligned nanosheets were obtained 

mainly due to the alignment of GO nanosheets in LCs along the 

inner surface of container (Fig. 14b2,b3). More examples of self-

assembled macroscopic orientation of liquid crystals can be 

found in Fig. 14c and 14d. Overall, freeze-drying assisted self-

assembly method involves simple procedures but may be 

limited in scalability and material diversity because it requires 

more strict control of nanomaterial selection and operation 

with suitable size, aspect ratio, material chemistry and 

fabrication parameters to achieve desirable assembled 

microstructure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14 Fabrication approaches of heterogeneous structures. (a1) LBL assembly of oppositely charged nanosheets by dipping. Reproduced from ref. 219 with permission 

from John Wiley and Sons. Schematic illustration of various LBL methods via (a2) spinning and (a3) spraying. Reproduced from ref. 213 with permission from Springer 

Nature. (a4) AFM images showing surface morphologies of rGO multilayers fabricated by spin coating. Reproduced from ref. 216 with permission from Royal Society of 

Chemistry. (b1) Schematic illustration of the self-assembly of ordered graphene foams (OGFs) by tuning PH value. (b2) Polarized-light optical microscope (POM) image of GO 

suspension near inner surface of glass tube. (b3) SEM image showing the heterogeneous structure of OGFs. Reproduced from ref. 218 with permission from John Wiley and 

Sons. (c) SEM image of a graphene oxide liquid crystal treated by freeze-drying. Blue and red symbols represent +1/2 and -1/2 disclinations, respectively. Reproduced from 

ref. 220 with permission from John Wiley and Sons. (d) SEM image of self-assembled MXene liquid crystal. Reproduced from ref. 116 with permission from Springer Nature. 
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Table 4 Processing techniques for heterogeneous microstructures with 2D nanomaterials 

Method Alignment technique Achieved 

structure 

Advantage Limitation Ref. 

Crumpling Induce compressive 

stresses in a film of 

horizontally aligned 

nanosheets. 

Crumpled film Facile method, 

controllable crumpled 

patterns 

Limited scale (e.g., 

micrometer-scale), time 

consuming 

59,207-209 

Scrolling Scroll layered 

nanosheets into fibers 

Fiber, spiral 

structure 

Simple procedure, high 

packing density, unlimited 

material type 

Requires precise 

operation 

118,163,212 

Layer-by-layer 

assembly 

Sequential deposition of 

individual layers into a 

multilayer structure 

Film, multiple 

layers 

Simple procedure, low 

cost, precise film 

thickness control 

Requires strong 

interaction between 

individual layers, slow 

fabrication speed 

129,213,216,219 

Freeze-drying 

assisted self-

assembly 

Self-assembly of liquid 

crystals under proper 

conditions 

Film/Bulk Simple procedure, 

inherently interconnected 

microstructure 

Requires precise control 

of liquid crystal 

alignment condition 

205,218,220 

3.4 Arbitrary microstructures 

The orientation and distribution of 2D nanomaterials are key 

factors that determine the macroscopic performances of films 

and bulk materials made from them due to their anisotropic 

properties. These performances include mechanical, electrical, 

thermal, optical properties and so on. Therefore, methods 

capable of controlling the microstructure in predesigned 

orientation patterns are highly desirable. The methods that can 

create arbitrary microstructures are therefore reviewed in this 

section, and their representative features are summarized in 

Table 5. Through these technologies, a variety of aligned 

patterns can be achieved within a single method, allowing 

materials with highly tunable local orientation and versatile 

properties. 

 

3.4.1 Magnetic field assisted orientation 

Magnetic field is a powerful tool in precisely and remotely 

controlling the local orientation of anisotropic particles, 

including 2D nanomaterials.60,220,221 This approach utilizes 

external magnetic fields to align particles with anisotropic 

magnetic susceptibility suspended in a liquid matrix.222,223 As 2D 

nanomaterials are often diamagnetic, extremely high magnetic 

fields are usually required for alignment.222,224 To solve this 

problem, superparamagnetic nanoparticles such as iron oxide 

nanoparticles can be coated on the surface of the nanosheets 

to make them more responsive to magnetic fields.225,226 During 

magnetic alignment in suspension, the dynamics of particles is 

synergically controlled by torques generated from the 

magnetic, gravitational, and viscous forces. Several key factors 

can influence the particle orientation, including the particle 

geometry, magnetic field strength and gradient, particle 

concentration and fluid viscosity. After positioning the particles, 

the fluid is consolidated to fix the orientation, which can be 

achieved by solvent evaporation, light or temperature-

controlled curing, depending on the solvent type.42,223,226-228 To 

create complex local assemblies, virtual magnetic molds can be 

used.319 These molds consists in placing a ferromagnetic 

material above a magnet. The ferromagnetic material then 

becomes magnetized and attract the particles locally. Combined 

with a dynamic magnetic field instead of a static field, 2D 

particle orientation at set directions with local particle 

concentration can be achieved. Fig. 15a shows the alignment 

processing of gelatin-based composites containing magnetically 

responsive reduced graphene oxide (m-rGO) flakes.60 By 

controlling the magnet placement and by using a virtual 

magnetic mold made of Co or Ni template, both orientation and 

spatial distribution of m-rGO flakes can be effectively tailored 

within the composites. By choosing predefined meshes as the 

template, the m-rGO flakes could be assembled into 

hierarchical double-percolating networks (Fig. 15b), enabling 

both optical transparency and electrical conductivity at reduced 

percolation threshold of 0.65 to 0.85 vol% of rGO. In addition, 

Lin et al. demonstrated the magnetic response and alignment 

of graphene flakes, where the displayed patterns of graphene 

suspension were induced by different shapes and 

configurations of magnets (Fig. 15c-f).222 Later, when the static 

magnetic field was switched to a rotating magnetic field in the 

x-y direction (Fig. 15g), the graphene nanosheets were aligned 

in planar direction, exhibiting much higher birefringence and 

anisotropic absorption/transmission capabilities than those 

without magnetic field or with static magnetic field (Fig. 15h-j). 

Overall, magnetic orientation of 2D nanomaterials is applicable 

to wide range of material chemistry and the orientation angle 

can be easily programmed by changing the direction of 

magnetic field, while the sample dimension is usually limited by 

the magnet size. 
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3.4.2 Electric field assisted orientation 

Similar to the magnetic fields, electric fields can serve as the 

external driving force to align anisotropic particles in 

programmable directions. Electric field induced alignment is 

compatible with dielectric materials or electrically conductive 

fillers, such as graphene nanoplatelets, graphite, BNNS 

or fluorohectorite nanosheets, which are typically mixed in a 

low viscosity, organic medium.229,230 These 2D nanomaterials 

can respond to the electric field and form oriented patterns 

because they can be polarized by the external field and acquire 

a dipole moment. During the electrical alignment, a high-

frequency alternating current (AC) electric field is commonly 

used to orient the 2D nanomaterials and also avoid the 

electrophoresis of nanosheets and the electrolysis of the 

medium.231,232 Under this alternating AC electric field, any solid 

inclusion suspended in a dielectric liquid will be polarized and 

acquire a dipole moment because of the mismatch in dielectric 

properties and electrical conductivity between the particles and 

their surrounding matrix. For 2D nanomaterials with 

considerable anisotropy, the polarization moment generally 

develops along their basal plane. When the polarization 

moment is not aligned along the electric field, a torque is 

Fig. 15 Controlled orientation of 2D nanomaterials assisted by magnetic field. (a) Schematic illustration of magnetic control over orientation or spatial distribution of 

magnetized reduced graphene oxide (m-rGO) flakes. (b) Optical micrographs of patterned poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) composites with 

0.065 vol% magnetically responsive rGO flakes of decreasing template area and various line width. Reproduced from ref. 60 with permission from Springer Nature. 

Photographs of 0.1 wt% graphene suspension with (c) no magnet field and (d)-(f) magnets of different shapes and configurations placed underneath for magnetic field 

sensing and display. Reproduced from ref. 222 with permission from John Wiley and Sons. (g) Schematic of experimental setup to generate a rotating magnetic field for 

planar alignment of graphene sheets. (h)-(j) Schematic representation and snapshots of white light birefringence/transmission images of graphene suspension with different 

magnetic field conditions: (h) without magnetic field, (i) under static magnetic field in x-y direction, and (j) under rotating magnetic field in the x-y plane. The symbol L 

represents the incident white light in x direction. Reproduced from ref. 221 with permission from John Wiley and Sons. 
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created that rotates the particles and align their basal plane 

along the electric field direction to reach an equilibrium state. 

Once aligned, the polarized nanosheets can attract each other 

due to opposite surface charges, leading to an end-to-end chain 

configuration (Fig. 16a-d).233 Theoretically, similar to magnetic 

alignment, the electric field induced alignment method can 

achieve arbitrary orientation directions, simply by tuning the 

electric field. For example, complex and intricate ordered 

patterns can be fabricated by sequential electric field induced 

orientation and photolithographic consolidation (Fig. 16e-j).232 

Moreover, the electric field induced alignment of 2D 

nanomaterials should be differentiated from the 

electrophoretic deposition (EPD) for materials like rGO or 

MXene, in which the charged particles cannot be polarized but 

will move towards to the electrode of opposite polarity and 

deposit on the surface.234-236 

3.4.3 Freeze casting 

Freeze casting, or also known as ice templating, is a well-

established technique that is utilized to fabricate arbitrary 

oriented patterns, such as horizontal, vertical, gradient, layered, 

honeycomb, and radial structures.49,237-239 It is a versatile 

technique applicable to diverse material types not limited to 2D 

nanosheets. The four processing steps of a typical freeze casting 

procedure are liquid suspension preparation, solidification, 

sublimation and post-treatment as shown in Fig. 17a.240 

Dispersant, plasticizer and binder are commonly added in the 

initial liquid suspension to ensure uniform dispersion of the 2D 

nanoparticles in the liquid medium. The microstructure is 

determined by the formation of ice dendrite during the 

solidification stage. After sublimation of the ice, the subsequent 

post-treatment, such as sintering densification, thermal 

reduction or pyrolysis, will transform the material into a porous 

scaffold. The desirable oriented patterns are thus set during the 

solidification, when the suspended particles are rejected by the 

moving solidification front, concentrated and entrapped 

between the ice crystals. Fig. 17b illustrates the freezing front 

progression at different velocities, where v is the particle 

freezing front velocity, and vcr is the ice critical freezing front 

velocity. At very low solidification velocity (v << vcr), the particles 

are not rejected by the ice front, so that no pattern forms. At v 

< vcr, the particles are generally rejected and assemble in a 

lamellar microstructure. And at v ≥ vcr, some particles could be 

further entrapped, leading to bridges between the lamellar 

structure. If the freezing rate is too rapid (v >> vcr), the particles 

are instead encapsulated within the ice front.49 Moreover, 

Fig. 16 Controlled orientation induced by electric field. (a)-(d) Optical micrograph images of graphene nanoplatelets alignment in liquid epoxy resin by AC electric field (E) 

as a function of time (0 to 20 min). (a) Random orientation of graphene nanoplatelets before applying electric field, and after applying electric field for (b) 4 min, (c) 10 min 

and (d) 20 min. Reproduced from ref. 233 with permission from Elsevier. (e) Schematic representation of patterned anisotropic hydrogel by multi-step electrical orientation 

and photolithographic polymerization with different electric field (E) directions and use of ultraviolet (UV) light. (f) and (g) Polarizing optical microscope (POM) images 

showing hydrogel patterns with different nanosheet alignment. A: analyzer, P: polarizer, Z′: axis of the tint plate. (h)-(j) Photos of the patterned anisotropic hydrogels. 

Reproduced from ref. 232 with permission from Springer Nature.
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different thermal gradients can be introduced to control the 

growth direction of the ice dendrites.241 For example, Bai et al. 

compared the scaffolds prepared by unidirectional freeze 

casting and bidirectional freeze casting techniques using 

hydroxyapatite (HA).242 For unidirectional freeze casting, a 

single vertical temperature gradient was applied, leading to the 

simultaneous crystal nucleation over the substrate (Fig. 17c). 

The obtained scaffold showed multiple domains with various 

orientations in the planar direction (Fig. 17d). For bidirectional 

freeze casting, a PDMS wedge was placed between the slurry 

and the cold substrate, leading the combination of both 

horizontal and vertical temperature gradients (Fig. 17e). The as-

fabricated scaffold showed a well-aligned monodomain 

lamellar structure along the dual temperature gradients (Fig. 

17f). Moreover, Shao et al. demonstrated the fabrication of 3D 

hierarchical porous graphene films by using freeze casting.243 

The graphene oxide (GO) as a precursor was partially reduced 

to micro-gels and filtered before freeze casting. Ideally, 

continuous ice crystals are formed and the GO nanosheets are 

rejected from the solidification front to get highly porous 

microstructure. The obtained 3D porous GO films exhibited a 

high electrical conductivity of 1905 S m-1 and good mechanical 

stability with only 9% decay of discharge capacitance after 500 

bending cycles. Bian et al. reported a direct freeze casting route 

for the fabrication of ultralight Ti3C2-MXene aerogels with 

density lower than 10 mg cm-3.244 The MXene aerogels showed 

a specific shielding effectiveness of 9904 dB cm3 g-1 with a 

reflection lower than 1 dB, which can be useful for 

electromagnetic interference (EMI) shielding applications. 

Additionally, more freeze casting control strategies such as 

radial freeze casting or external field assisted freeze casting 

have been implemented, providing controllable assembly 

methods for 2D material applications.36,245,246 

Fig. 17 Controlled oriented microstructures by freeze casting. (a) Schematic illustration of the four processing steps of freeze casting technique including slurry 

preparation, solidification, sublimation and post-treatment. Reproduced from ref. 240 with permission from John Wiley and Sons. (b) Schematic representation 

of the freezing front progression at different velocities. Reproduced from ref. 49 with permission from John Wiley and Sons. The freezing front progression is 

decided by the particle freezing front velocity (v) and the ice critical freezing front velocity (vcr). (c) and (d) Scheme and obtained hydroxyapatite (HA) scaffold 

of unidirectional freezing casting with a single vertical temperature gradient (ΔTV). (e) and (f) Scheme of bidirectional freeze casting and resulting HA scaffold 

with both horizontal temperature gradient (ΔTH) and vertical gradient(ΔTV). Reproduced from ref. 242 with permission from American Association for the 

Advancement of Science. 
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3.4.4 Chemical Vapor Deposition (CVD) 

Chemical Vapor Deposition (CVD) is a widely used technique 

that involves gaseous material reaction and subsequent solid 

deposition on a substrate. As a versatile bottom-up growth 

method to synthesize oriented 2D nanomaterials, the obtained 

material morphology and alignment can be tuned by controlling 

the growth parameters such as selective source materials, 

temperature, pressure, gas flow rate and so on.247 The CVD 

fabrication method is classified as an arbitrary alignment 

technique here because the 2D nanomaterials can be formed 

into several types of alignment, typically including horizontal, 

vertical and heterogeneous alignment structures.55,248-253 The 

alignment of the grown 2D nanomaterials such as TMDCs can 

be tuned upon different CVD growth conditions. Dumcenco et 

al. reported the morphology changes of MoS2 by tuning sample 

temperature.254 When the gas injection temperature gradually 

decreased from 700 °C to 600 °C, the MoS2 domains went 

through the vertically aligned multilayers to reduced 

longitudinal length, and finally changed into the horizontally 

aligned monolayers. Cho and co-workers fabricated MoS2 films 

with different alignment directions by rapid sulfurization of CVD 

(Fig. 18a-d).55 The growth direction of the TMDCs films could be 

controlled by the thickness of pre-deposited metal seed 

layer.55,248,251 Horizontal (Fig. 18e), mixture of horizontal and 

vertical (Fig. 18f), to vertical alignment (Fig. 18g) were achieved 

with increasing seed layer thickness. Later, Kumar et al. 

investigated the horizontal to vertical growth of MoS2 films by 

tailoring the supersaturation ratio of the S:MoO3 precursors.249 

These various aligned structures obtained from direct growth 

by CVD indicate the possibility to better control the 2D 

nanomaterials. At the same time, CVD is a scalable method to 

fabricate diverse nanomaterials with high quality, which 

requires precise control over the grow parameters. 

Fig. 18 Controlled orientation of 2D MoS2 films by CVD growth. (a) and (b) Mo seed layers are predeposited on substrate. (c) Growth of MoS2 films from horizontal to 

vertical alignment upon increasing Mo seed layer thickness. (d) Deposition of Au/Ti electrode for application. (e) Horizontal layer alignment from 1 nm seed thickness. 

(f) Horizontal and vertical heterogeneous alignment from 5 nm seed thickness. (g) Vertical film alignment grown from 15 nm seed layer thickness. Reprinted with 

permission from ref. 55. Copyright (2015) American Chemical Society. 
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Table 5 Processing techniques for arbitrary orientation 

Method Alignment technique Achieved structure Advantage Limitation Ref. 

Magnetic field Apply external magnetic 

fields to align 2D 

nanosheets having 

anisotropic magnetic 

susceptibility 

Bulk/Film, highly 

tunable localized 

orientation 

Low cost, applicable to 

wide material type, any 

orientation angle 

Limited scaffold density, 

sample dimension is 

limited by magnet size 

42,60,222,225 

Electric field Apply external electric 

field to align 2D 

nanosheets having 

anisotropic electric 

susceptibility 

Bulk/Film, tunable 

control of local 

particle alignment 

Low cost, scalable, facile 

to tune electric field 

distribution 

Requires dielectric 

polarization and 

requires multi-step 

process for complex 

patterns 

231-233 

Freeze casting Control nucleation 

and directional growth 

of ice crystals under 

temperature gradients 

to push the 2D 

nanosheets into 

patterns 

Bulk/Film, porous 

scaffolds, well-

orientated patterns 

Applicable to wide range 

of materials, scalable, 

tunable microstructures 

of freeze-cast scaffolds 

Limited scaffold density, 

requires precise control 

of solidification front 

growth 

49,240-

242,255 

CVD Gaseous chemical 

reaction and solid 

deposition on substrate 

surface 

Film, tunable 

aligned structure 

through growth 

conditions 

Scalable, high material 

quality 

Limited layer thickness, 

cannot change 

orientation angle freely 

55,247-

249,251,252 

In summary, the alignment of 2D nanomaterials can be well 

controlled through various processing methods involving self-

driven or directed assembly. Based on the desired material and 

target orientation patterns required for a specific property and 

application, people can select the appropriate fabrication 

techniques. Furthermore, the selection of the most adequate 

fabrication process to achieve a target microstructure should 

also consider (i) the available material quantity and form. For 

example, all processes except CVD and hydrothermal and 

gelation require a well-disperse, stable dispersion of 2D 

nanosheets in a medium; (ii) the intended final relative density. 

For example, porous structures can easily be formed using 

freeze-casting, salt templating, or gel casting, whereas hot 

pressing or vacuum filtration, among others, lead to dense 

films; (iii) the intended properties and chemistry of the 2D 

nanomaterials. Indeed, the processes requiring chemical 

reactions or intrinsic properties like anisotropic electric 

response are chemically dependent, whereas others are mostly 

based on the physical properties of the nanosheets such as their 

dimensions, like magnetic fields, freeze-casting, filtration, etc. 

Furthermore, the methods reviewed here are representative of 

the most commonly used methods and have numerous 

variations in the literature. Although some can produce bulk 

samples, couple several materials or have heterogenous 

alignment patterns, one common limitation of these methods is 

their inability so far, to decouple the final material shape with 

the local microstructure. One recent and extremely exciting 

process with industrial potential is 3D printing. In the following 

section, how 3D printing can support the microstructure control 

using 2D nanomaterials is reviewed. The ability to create 3D 

shapes with locally controlled orientation of 2D nanomaterials 

in dense or porous packings would allow more design flexibility, 

giving a bright future for energy devices and others with 

boosted performances.  

4. 2D nanomaterials alignment supported by 
3D printing 

Substantial efforts have been made to develop various 

processing techniques to achieve controlled orientations of 2D 

materials. To implement these achievements into a functional 

device with enhanced performance, a realistic 3D object or 

prototype is highly demanded. However, it is challenging to 

translate the exceptional properties of 2D materials into end 

structures for specific applications, because it involves 

assembling and upscaling the oriented microstructure for target 
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properties. In this area, 3D printing is a potential solution under 

the spotlight and a few reviews discuss about the 3D printing of 

2D nanomaterials.256,257 However, these reviews miss the 

importance of 2D nanomaterials alignment and how the 

combination of 3D printing with alignment could further induce 

new and enhanced functionalities. In the following section, we 

therefore review 2D nanomaterial alignment supported by 3D 

printing and discuss how 3D printing can be expected really 

fabricate devices with high performance and/or new 

functionalities.  

 

4.1 Advances in 3D printing 

3D printing, or interchangeably called additive manufacturing 

(AM), refers to the fabrication process of building 3D structure 

in a layer-by-layer manner. This fabrication strategy allows 

customizable computer-aided design (CAD) and precise control 

of complex patterns from printable inks, for example, 

containing 2D nanosheets distributed in a matrix. One 

remarkable advantage of 3D printing over most conventional 

fabrication processes is the large design freedom. Indeed, the 

starting materials, 3D printing equipment, final structures, 

complexity, dimensions, and postprocessing methods can be 

tailored as desired. As a result, development in the field grows 

rapidly and has attracted increasing attention from both 

scientific and industrial communities in the latest decade. 3D 

printing also allows the fabrication of complex, hierarchical 

structures with as much diversity as found in biological 

materials such as those shown in Fig. 1. 2D nanomaterials can 

therefore be integrated in nano, micro, and macroscopic 

structures, as illustrated in Fig. 19. More specifically, when it 

comes to 2D nanomaterials assembly, 3D printing technology 

reveals unique advantages over the standard processes in the 

following aspects: (i) local microstructures: the embedded 

particles can be locally reoriented during printing process or the 

postprocessing, with or without assistance of external forces 

such as the magnetic, electrical, or acoustic fields. (ii) 

multimaterial structures: heterogeneous materials 

compositions can be combined and fabricated synchronously 

during printing. (iii) complex shapes: benefiting from the layer-

by-layer printing manner, complexity and diversity of the 

shapes can be broadened, especially for those with hollow 

structures and intricate interconnections. (iv) scale up: the 

dimensions and defined geometries of the printed architectures 

can be easily customized, enabling the fabrication of scalable 

products. The 3D printing methods used for 2D nanomaterials 

are presented in the following section. 

4.2 3D printing combined with alignment 

First described in 1980s by Charles Hull regarding the 

stereolithography (SLA) process, 3D printing technology has 

evolved into multiple printing forms such as the inkjet printing, 

direct ink writing, powder bed fusion, selective laser sintering 

and so on.261-268 Overall, 3D printing techniques can mainly be 

classified into three types based on the materials feedstock: 

slurry-based, powder-based and bulk solid-based. Each printing 

method possesses its own technical features in terms of 

equipment setup, feedstock material requirement, printing 

Fig. 19 Integration of materials into nanoscale, microscale and macroscale by 3D printing. (a) Fabrication of nano-sized hollow-tube alumina ceramic nanolattices using two-photon 

lithography. Reproduced from ref. 258 with permission from American Association for the Advancement of Science. (b) Carbon fiber orientation during printing through the rotational 

direct ink writing with fiber alignment controllable in micro scale. Reproduced from ref. 259 with permission from National Academy of Science. The helical pattern is dictated by 

the rotational rate (ω), translational velocity (v), surface fiber orientation (φ) and dimensionless rotation rate (ωR/v). (c) 3D printed graphene aerogel microlattices with various 

structures and dimensions up to centimeter scale. Reproduced from ref. 260 with permission from Springer Nature.
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advantages and limitations. The recent progress in 3D printing 

has been summarized in a few comprehensive reviews.262-264,268-

271 A few works report the use of fused deposition modelling 

(FDM) using graphene but the fabrication of thermoplastic 

filaments with homogeneously distributed 2D nanosheets is 

challenging.272,273 In FDM, the thermoplastic filament is heated 

and extruded through a nozzle on a substrate where it cools 

down to solidify. Inkjet printing has also been applied to 2D 

nanomaterial liquid suspensions but yields horizontal 

alignment.274 Obtaining vertically oriented nanosheets is 

difficult due to the capillary forces that develop during solvent 

evaporation in the deposited droplets. One recent paper 

reported on the drop-on-demand of purposely oriented 2D 

nanomaterials by adding a magnetic field. The success of the 

method depended on the concentration of particles in the ink 

deposited.275 Moreover, SLA has also been used with 2D 

nanomaterials.276,277 In SLA, a liquid suspension containing the 

2D nanosheets and a UV-curable liquid is locally cured using UV 

light. Using local, sequential curing, SLA has been successfully 

applied in conjunction with magnetic fields to locally orient 2D 

nanosheets.278 Also, in SLA, graphene could be horizontally 

oriented simply by gravitational force during printing.279  

Furthermore, the orientation of 2D nanomaterials has been 

achieved by combining 3D printing techniques with external 

magnetic field, electric field and temperature gradient, to 

introduce particle alignment in a programmable fashion.226,280 

Martin et al. utilized the 3D magnetic printing method to 

fabricate complex oriented architectures using anisotropic 2D 

particles.281 The particles were oriented and patterned during 

printing using magnetic fields, where a digital light processor 

was used to cure the resin (Fig. 20a1-a3). Further, applying 

temperature gradient by freeze casting is also a feasible way to 

create desirable alignment in 3D printing.49 Zhang et al. 

developed the freeze casting assisted 3D printing of graphene 

aerogels from a drop-on-demand inkjet printer (Fig. 20b1-

b4).282 Freeze casting provides rapid freezing and can 

manipulate the dispersed graphene orientation along the 

freezing direction. Thanks to the anisotropic ice crystal growth, 

the low viscous Newtonian graphene suspension can be printed 

into highly ordered assemblies as the graphene nanosheets are 

squeezed between the ice crystals. The printed graphene 

aerogel obtained presented ultralight densities with high 

compressibility, demonstrating excellent mechanical 

robustness. At the same time, the graphene macroscopic 

material with aligned microstructure offers high electrical 

conductivity and potential anisotropic thermal insulation 

properties for future applications. 

The direct ink writing (DIW) 3D printing method is privileged 

for 2D nanomaterials given its ability to print from 

homogeneously dispersed liquid suspensions. In the following 

paragraphs, we discuss the DIW method applied to slurries 

containing 2D nanomaterials and showing multiple orientation 

control. DIW is an extrusion-based 3D printing technique. In this 

process, the 2D nanosheets are first homogeneously dispersed 

in a liquid polymer or solvent to produce an ink. As shown in Fig. 

20c, the as-prepared ink is extruded from a printing nozzle as a 

continuous filament, and deposited in a layer-by-layer manner 

following a predefined pattern, just as directly 

“writing”.268,283,284 Then, the printed filaments are consolidated 

by curing under heat or light, other chemical reactions, dried or 

frozen, depending on the matrix composition used in the ink. As 

the quality of final printed parts is entirely determined by the 

rheological properties of the ink, a wide range of 2D 

nanomaterials can be obtained. Pastes, solutions, and hydrogels 

have been showed to be printable using DIW.267,285,286 Obtaining 

the proper rheological properties for the ink is paramount for 

successful printing, which is closely related to the filler 

concentration. To secure this printability, the ink has to exhibit 

the following key properties (Fig. 20d): shear thinning and 

viscoelasticity. Indeed, extrusion requires reasonably low 

viscosity of the ink. Thus, a viscosity decreasing with the applied 

shear rate is necessary. A viscosity ranging from 0.1 to 103 Pas-1 

is recommended to get smooth printing. 269,283,287 In addition, 

the ink should have viscoelasticity to guarantee shape-retention 

and stability of the printed part. The elastic (or storage) 

modulus (G’) should be lower than the loss modulus (G’’) under 

shear, but should rapidly recover to the opposite (G’ > G’’) once 

the shear force is removed.288 The behavior of such viscous ink 

flow is usually described by the Herschel-Bulkley model:289 

                                              𝜏 =  𝜏𝑦 + 𝐾𝛾𝑛                                      (6) 

where 𝜏  is the shear stress, 𝜏𝑦  is the yield stress, 𝐾  is the 

viscosity parameter, 𝛾  is the shear rate, and 𝑛  is the shear 

shinning exponent (𝑛<1). In this model, the yield stress is the 

minimum shear stress above which the ink flows. In case of a 

shear stress lower than the yield stress, the fluid behaves like a 

solid material.290-292  

 Having described the DIW printing method, we report how 

DIW has been used for 2D nanomaterial alignment. The 2D 

nanosheets dispersed in the ink can be manipulated by external 

forces or driven by self-assembly when the ink is still liquid, in 

the barrel, during extrusion, or in the printed parts and before 

consolidation by post-processing. The ability to locally control 

the orientation can in turn tune the local properties within the 

whole 3D part. For example, for 2D nanomaterials with 

considerable aspect ratio, the alignment can be induced by 

shear force along the printing direction.293,294 Liang et al. 

proposed a general method to fabricate vertically aligned 2D 

materials in multiscale by DIW.294 As shown in Fig. 20e1 and 

20e2, orientation of 2D BNNSs could be induced by the high 

shear force generated during extrusion of the ink. As a result, 

the 2D BNNSs were assembled along the vertical direction, 

which demonstrated outstanding thermal conductivity in the 

out-of-plane direction (Fig. 20e3). This shear force assisted 

printing strategy has been expanded to other 2D nanomaterials 

such as graphene and MoS2 and can also be upscaled into 

macroscopic arrays (Fig. 20e4). In addition, Jambhulkar et al. 

demonstrated the orientation of 2D MXene nanoparticles by 

capillarity-driven DIW.295 In this case, a patterned substrate 

with microchannels was fabricated before printing, into which a 

MXene/ethanol suspension was spread (Fig. 20f1). The high 

capillary forces generated at the entry of the microchannels 

overcome the gravity, leading to the flow of MXenes in the 

microchannels. The Reynolds number, Re, is an index used to 

describe fluid flow and is key in this process. 
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                                               𝑅𝑒 =  
𝜌𝜈𝐿

𝜇
                                             (7) 

where 𝜌  is the fluid density, 𝜈  is the fluid velocity, 𝐿  is the 

characteristic linear length, and 𝜇 is the viscosity of the fluid. A 

low Re (Re << 1) indicates a laminar flow within the 

microchannels and is suggested to be the main driving force to 

MXene nanosheet alignment retained after the subsequent 

evaporation of the solvent (Fig. 20f2,f3).295-297  

In summary, DIW is a highly tunable method that further 

expands the already large freedom degree of 3D printing by 

providing alignment control. This permits concomitant design of 

the shape and of the properties. Indeed, by providing a 3D 

shape with intricate microstructural features and design 

capabilities, these methods will enable us to make one step 

forward towards functional devices using 2D nanomaterials. 

One limitation however is the concentration of 2D nanosheet in 

the final material that is limited by the rheological properties. 

Indeed, it is known that increasing concentration of 

nanoparticles lead to jamming of suspensions. In the case of 

anisotropic nanosheets of high aspect ratio, this concentration 

is further decreased. Other points of improvement in DIW are 

interfilament binding that might compromise the performances 

of the 3D part, and nanosheet deformation which might reduce 

their intrinsic properties. Nevertheless, performing 3D objects 

can now be obtained and tested for real applications.
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Fig. 20 Representative 3D printing techniques combined with 2D materials alignment. (a1) Schematic representation of the 3D magnetic-printer setup. (a2) The 3D magnetic 

printing process with programmable magnetic field shift and selective polymerization. (a3) The printed micro-architectures showing complex particle orientation. 

Reproduced from ref. 281 with permission from Springer Nature. (b1) Schematic of freeze casting assisted 3D printing of graphene aerogel. (b2) 3D printing of graphene 

suspension. (b3) Thermally reduced 3D ultralight graphene aerogel. (b4) Cross-sectional SEM image showing interfacial region along deposition direction. Reproduced from 

ref. 282 with permission from John Wiley and Sons. (c) Schematic diagram of direct ink writing (DIW). Reproduced from ref. 298 with permission from Royal Society of 

Chemistry. (d) Favored rheological properties of typical DIW ink with shear thinning and rapid self-healing properties. Reproduced from ref. 287 with permission from John 

Wiley and Sons. (e1) Schematic illustration of the 3D vertical printing of a BN array through DIW method. (e2) Schematic illustration of BNNSs alignment by shear force from 

the fine nozzle during extrusion. (e3) Morphology of the printed BN rod showing vertically aligned BNNSs. (e4) Scalable BN array encapsulated into a PDMS matrix. Reprinted 

with permission from ref. 294. Copyright (2019) American Chemical Society. (f1) Schematic of the Ti3C2Tx MXene alignment by capillarity-driven DIW v via microcontinuous 

liquid interface production (μCLIP). (f2) Representative top view of deposited MXene films on patterned substrates. (f3) Printed MXene films showing alignment. Reprinted 

with permission from ref. 295. Copyright (2021) American Chemical Society. 
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4.3 Beyond alignment control 

The capability of harnessing local structures using 3D printing 

has potential for developing advanced materials and 

multifunctional devices. Indeed, we have seen in the section 2 

of this review how orienting 2D materials into specific directions 

could enhance the performance of various functional devices. 

But the potential of 3D printing goes beyond its capability to 

create 3D shapes and controlling the local particle orientation. 

In view of creating multifunctional devices, another benefit of 

3D printing is that inks of various chemical compositions can be 

printed in the same part. This is referred to as multimaterial 3D 

printing. This could for example lead to the fabrication of 

devices where the sensor is integrated in a device along with a 

battery or a supercapacitor, so as to release energy upon a 

specific external stimulus. It could also be used simply to create 

compact devices while maintaining low weight, to reduce the 

volume and payload for automobile or aerospace applications. 

In addition to this, 3D printed parts with local orientation and 

composition can induce new properties in the object, which 

result from the microstructural control and not entirely on the 

intrinsic properties of the filler. The most obvious of these new 

properties is self-shaping. 3D printing with time-varying 

morphing or performance variations is referred to as 4D 

printing. With the local orientational and compositional control, 

it is therefore possible to talk about 6D printing.299 These 

aspects are reviewed and discussed in the following sections for 

the specific case of 2D nanomaterials. 

 

4.3.1 Multimaterial fabrication 

Recent advances in 3D printing have revealed the possibility of 

multimaterial fabrication. Thanks to this unique capability, 3D 

printing is no longer limited to shaping and offers a broader 

imagination space for design and multifunctionality. 

Multimateriality in devices is thought as a means to increase 

sustainability thanks to the reduction of processing steps, waste 

material, and increase in functionalities within a small 

volume.284 For example, Kokkinis et al. established the 

multimaterial magnetically assisted DIW with alumina platelet 

orientation.300 The DIW printer was equipped with individual 

syringes and two-component dispenser to extrude different 

compositions during printing combined with local control over 

the building blocks (Fig. 21a). The inks, containing magnetized 

alumina platelets with fumed silica in resin (Fig. 21b,c), were 

designed to have printable rheological behaviors. Subsequent 

control of particle alignment was achieved by applying an 

external rotating magnetic field before consolidation (Fig. 21d). 

As a result, the printed macrostructure could be programmed 

with heterogeneous microstructures through locally tailored 

particle orientation and multimaterial compositions, as shown 

in Fig. 21e-g. Moreover, Skylar-Scott et al. achieved soft matter 

assembly by multimaterial multinozzle DIW.301 The ideal DIW 

system for multimaterial 3D printing possesses multiple 

printheads that extrude filaments of various compositions at a 

sufficiently high switching frequency between the 

compositions. The multimaterial nozzle can print different 

compositions within a single continuous filament, a pattern of 

filaments, or different parts in a macrostructure, which further 

broadens the design and manufacturing in complex motifs. 

Hardin et al. also demonstrated multimaterial 3D printing by 

developing a multimaterial microfluidic printhead for DIW.302 

The microfluidic printhead design enabled printing 

multimaterials from the same nozzle in seamlessly switching 

manner. This programmable multimaterial fabrication method 

demonstrates the chances for building architectures with 

encoded local compositions for multifunctional applications. 

Some issues still remain, such as local mixing between the 

different compositions which can lead to desired or undesired 

compositional gradients. Also, interfacial bonding between the 

different inks is important to be maintained through-out the 

processing stages to prevent delamination of the 

macrostructure at a later stage. This point is rather challenging 

when anisotropic, local orientations is added to it because of 

the anisotropic shrinkage that occurs due to temperature or 

curing, or other discrepancy between each material. These 

challenges could be mitigated by using inks suspending 2D 

nanoparticles of various chemistries within the same matrix, 

and by consolidated the parts via methods that do not use 

temperature, curing, or drying.  

 

4.3.2 4D printing 

The concept of 4D printing was initially established by Tibbits in 

2013.303 4D printing allows the time-dependent evolution of the 

3D printed shape or property by intentionally encoding this time 

dependence into the part through the 3D printing 

process.269,270,304-307 Generally, the time-dependent change is 

triggered by an internal or external stimulus, such as 

temperature, magnetic field, electric field, particle orientation 

and pressure.228,308-313 For example, one typical strategy to 

encode shape change in a 3D printed object is by orienting 

nanofillers in perpendicular directions in a bilayer and using a 

matrix that changes its volume in response to an external 

stimulus. One illustration of such shape change has been 

realized by 3D printing anisotropic cellulose fibrils in a soft 

acrylamide matrix.314 During printing, the cellulose fibrils within 

the hydrogel composite align due to the shear force (Fig. 21h). 

Therefore, the printed object had anisotropic elastic and 
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swelling properties tailored thanks to the local control of the 

filler orientation, which lead to its morphing under hydration 

(Fig. 21i-k). 

In summary, the rapid development of 3D printing 

technologies has the potential to further unlock the advantages 

of 2D nanomaterials from nanoscale to microscale and up to the 

macroscale. 3D printing can be efficiently combined with 

deliberate local 2D nanosheets orientations, multimaterial 

compositions and time-dependent properties. The capability of 

controlling local compositions and microstructural alignment in 

3D parts of defined shapes could therefore allow the 

development of new advanced, smart and multifunctional 

devices. The following section discuss what could be anticipated 

exciting prospects and what challenges still need to be faced to 

this aim. 

5. Anticipated prospects and remaining challenges 

The aforementioned processing techniques demonstrate the 

potential of harnessing 2D nanomaterial alignment into 

desirable assembly patterns, where the local orientation can be 

horizontal, vertical, heterogeneous, or purposely set in any 

orientation. Furthermore, 3D printing technologies enable 

upscaling with the possibility of using multiple local 

compositions or microstructural orientations. We have seen in 

the section 2 of this review, that oriented 2D nanomaterials 

significantly boost the performance of sensing, thermoelectric 

and electrochemical devices. Given all these advances in 

manufacturing and local orientation and composition, we have 

to pose the question of how can these advances be leveraged 

for realistic, smart, multifunctional applications? What remains 

to be investigated or what could be the difficulties to 

overcome? These open questions are discussed in the following. 

 

5.1 Anticipated prospects 

3D printing of 2D nanomaterials already can create 3D shapes 

with local design, composition and time-dependent properties. 

3D printing can even be further augmented with tunable 

density by controlling the porosity within the printed filaments 

in DIW, by adding a sacrificial porogen or a foaming agent, for 

example. Intentionally introducing nano or microporosity could 

increase the surface area, contribute to efficient molecule 

transportation and diffusion, to further augment the functional 

properties. Therefore, proper addition of porosity could lead to 

objects with lighter weight but similar, if not increased, 

performance. This would result in the use of less material 

feedstock and in turn allow less waste material generation. 

Fig. 21 Possibility beyond 3D printing with multimaterial fabrication and shape morphing. (a) Schematic of direct ink writing setup for multimaterial magnetically assisted 3D printing. 

(b) SEM image of fumed silica particles as rheology modifier. (c) SEM image of alumina platelets as functional component. (d) Alignment dynamics of alumina platelets upon a rotating 

magnetic field. (e) Printed macroscopic structure with internal helicoidal staircase. (f) Morphology of the bottom layer showing effective printing of domains with different local 

platelet orientations. (g) Printed key-lock structure before and after swelling shape change. Reproduced from ref. 300 with permission from Springer Nature. (h) Schematic of 4D 

direct ink writing for shear-induced alignment of cellulose fibrils with isotropic, unidirectional, and patterned microstructures. (i) Printed flower morphology changes during swelling 

process generated with 90°/0° and 45°/45° bilayer orientation. (j) Print path and (k) printed swollen structure. Reproduced from ref. 314 with permission from Springer Nature. 



ARTICLE Journal Name 

36 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Another advantage of controlled local porosity, orientation, and 

composition is the ability to design entirely hierarchical 

structures from the nanoscopic scale to the macroscopic scale, 

in a fashion that can be paralleled with the natural materials 

discussed in Fig. 1 in the introduction of this review. Hierarchical 

designs are indeed known to enhance simultaneously functional 

and structural properties of natural materials by inducing 

microstructure-related mechanisms. One common example of 

hierarchical design is the helicoidal arrangement of 

nanoparticles in the so-called Bouligand structure in the Mantis 

shrimp, that conveys strength and toughness, while 

nanochannels spread through-out the material allowing ion 

flow.315 One could imagine such similar structure where the 

nanoparticles in the natural structure are replaced with 

vertically oriented 2D nanosheets. In this case it could be that 

the resulting materials could exhibit lower tortuosity, leading to 

the functionalities reported in section 2 of this review, in 

combination to high mechanical performance. The dual 

presence of enhanced functional and structural properties is 

important in all devices. Indeed, in operation, devices also need 

to withstand loads, shocks, vibrations, stresses, etc. 

Furthermore, local microstructural design capability also 

opens up new applications. One could imagine conformable 

batteries or supercapacitors with complex intricate shapes that 

integrate inside or around the apparatus to which they supply 

energy. To maintain the performance in curved designs, for 

example, the microstructure should be adapted accordingly. 

One could be interested in this capability when designing 

compact devices of high surface to volume ratio and low weight. 

This kind of demands are interesting in autonomous vehicles, in 

portable biomedical devices and other robotic applications, for 

example. Finally, the multimaterial capability of 3D printing 

would permit the design of multiple devices integrated within 

one 3D object. The individual devices could be simply printed 

next to each other using one unique process, therefore reducing 

time, manpower, and space for their fabrication. This is 

illustrated in Fig. 22. The devices could also be integrated more 

closely at a smaller scale so that their functions are related to 

each other. Concrete examples of these concept might be a 

battery that changes shape depending on an external stimulus 

and that in turn changes its battery performance, or a 

supercapacitor with an integrated sensor able to inform on the 

status of the capacitor or to change its performance depending 

on external parameter. Materials with embodied and 

interacting functions are referred to as ‘robotic materials’ and 

could unlock numerous opportunities for passive actuation of 

functional devices and materials computation.316  

The blooming studies on synthesis and assembly processing 

of 2D nanomaterials in the past decades have triggered 

explosive progress in this research community and brought 

great opportunities in diverse application fields. Introducing 

Fig. 22 Schematic illustration of smart functional device design with customizable multifunctionality.
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alignment and designed microstructural patterns with 2D 

nanomaterials have shown unpredictable capabilities to further 

amplify the functionalities. Established, state-of-art advances 

demonstrate indeed the great potential of orientated 2D 

materials in future functional designs and applications. 

Although these developments lead to exciting, anticipated 

ideas, number of challenges remain. Some of these challenges 

are now discussed. 

 

5.2 Remaining challenges 

The first challenge to realize the anticipated prospects is the 

obtention of a scalable material feedstock of high quality. In 

terms of 2D nanomaterial synthesis, the current nanomaterials 

produced through top-down exfoliation and bottom-to-up 

growth still have a yield far from what is needed for industrial 

application or commercialization. Furthermore, the quality of 

the produced 2D nanomaterials is greatly affected by the 

fabrication methods. For example, mechanical processes may 

lead to wrinkling of the nanosheets, reducing their properties in 

plane. At the same time, chemical processes use harsh 

chemicals and solvents that are not sustainable or safe, and for 

which waste management and cost are demanding. The 

synthesis of the 2D nanomaterials also determines their 

dimensions, anisotropy, surface functionalization capability, 

etc. The 2D nanomaterial quality, composition and size, etc., 

greatly affect their nanoscopic intrinsic properties. Hence, 

managing high material quality and quantity are essential for 

good performances. To achieve high yield, quality, and to limit 

the use of solvents and waste chemicals, biosynthesis and green 

synthesis should be further explored. Promising results have 

been obtained for the biosynthesis of graphene using 

biomolecules,317 green synthesis of graphene via 

electrochemical processes,318 and should be transposed for the 

other 2D nanomaterials.  

Furthermore, to achieve ideal tunability and high 

performance of devices based on 2D nanomaterials oriented in 

multiple directions, it is necessary to unravel the related 

microstructure-properties relationships. The complex 

relationships between intrinsic material property, defects, 

assembled structure, orientation degree, and connectivity are 

indeed intrinsically related to the final performances. With 

better understanding of the internal interactions, 2D 

nanomaterials could then be rationally modified and arranged 

into favorable structures using the advanced processing 

methods or printing technologies described in this review. 

Computation modelling and simulations, for example using 

density-functional theory (DFT) modelling, Monte-Carlo 

simulations and other computation methods should be further 

used to explore and understand the mechanisms at the 

nanoscopic and microscopic scales and enable hierarchical 

design. 

Finally, the grand challenge as well as ultimate goal of 

designing oriented 2D nanomaterials locally and in 3D 

macrostructures is to leverage their exceptional properties for 

multifunctional devices. We have seen how 3D printing with 

local orientational control could open up the design capabilities 

by provide at least 6 degrees of freedom. How to make best use 

of such a large design space for target properties? Open to find 

among all the possible, the best microstructure, composition, 

local orientation and so forth for realizing the highest 

performance? These are challenging questions to address which 

could be tackled with the establishment of open access data 

bases, machine learning and artificial intelligence as well as 

smart reverse engineering optimization methods.  

6. Conclusions 

The emerging development of 2D nanomaterials such as 

graphene, BNNS, MXenes, TMDCs, etc. sheds light on the 

promising future applications. Controlled local orientation of 2D 

nanomaterials plays an increasingly important role in realizing 

high performances for multiple applications. In this paper, we 

first reported several examples that demonstrate the 

advantages of orienting 2D nanomaterials in specific directions 

for enhancing the performance of sensing, thermoelectric and 

electrochemical devices. We then systematically reviewed the 

state-of-art processing methods to induce controlled alignment 

of 2D nanomaterials in desired manner, namely with horizontal, 

vertical, heterogeneous and arbitrary orientation. Recent 

advances in 3D printing techniques were then discussed and 

highlighted the possibility of upscaling 2D nanomaterial 

assembly from nano to macro scales, while further opening 

other advantages such as multimaterial fabrication and 

programmable time-dependent evolution. Although 2D 

nanomaterials with delicately designed local orientations have 

demonstrated their potential for inducing higher material 

performances in multiple functional applications, there are 

multiple challenges to overcome to really create the next 

generation of devices. We suggested enthusiastic future 

prospects in this research field as well as pinpointed a few 

challenges to solve to realize them. From the rapid 

development of 2D nanomaterials and orientation assembly 

technology, we can see the great potential in the currently 

established functional applications and future breakthrough in 

harnessing the complexity and multifunctionality.  
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