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Inkjet printing of 2D layered materials, such as graphene and MoS2, 

has attracted great interests for emerging electronics. However, 

incompatible rheology, low concentration, severe aggregation and 

toxicity of solvents constitute critical challenges which hamper the 

manufacturing efficiency and product quality. Here, we introduce a 

simple and general technology concept (distillation-assisted solvent 

exchange) to efficiently overcome these challenges. By implementing 

the concept, we have demonstrated excellent jetting performance, 

ideal printing patterns and a variety of promising applications for inkjet 

printing of 2D layered materials. 

 

1. Introduction 

In everyday life, inkjet printing is a well-known technique which 

produces texts and graphics by ejecting ink droplets through 

nozzles onto paper, plastic, or other substrates. Inkjet printers are 

among the most common facilities used in office and household.[1] 

Recently, the applications of inkjet printing have been extended to 

manufacturing intelligent components and smart systems for 

organic and printed electronics, such as organic light-emitting 

diodes, displays, thin film transistors, memories, batteries and 

micro-electromechanical systems.[2–4] Inkjet printing possesses 

several attractive features, including direct (mask-free) patterning, 

purely additive operation, compatibility with versatile materials 

and flexible substrates, low waste of materials, cost efficiency, 

and scalability to large area manufacturing.[5] In addition, high-

resolution inkjet printing techniques have been developed with 

critical dimensions as small as 1 µm.[5,6] All of them make inkjet 

printing very promising for emerging electronics. 

In new applications, advanced inks based on conducting/ 

semiconducting polymers[1] and functional nanoparticles[7,8] are 

often formulated to realize the functionality. Recent research 

shows great interest in two-dimensional (2D) layered materials, 

such as graphene, MoS2, and WS2.
[9–11] These materials 

comprise single or few layers of atoms and hence integrate a 

number of unique properties. For instance, graphene (a layer of 

carbon atoms) is electrically and thermally conductive, optically 

transparent, and mechanically flexible. Moreover, the nature of 

the 2D atomic crystals produces extremely high specific surface 

area, which is fascinating for energy storage applications. In 

particular, these materials are compatible with liquid-phase 

fabrication. A variety of techniques has been developed to 

prepare liquid dispersions of the 2D materials[11] as well as their 

derivatives such as graphene oxide.[12] This merit attracts great 

interest to combine the unique 2D materials with the promising 

inkjet printing technique for novel applications.[9,10] 

In spite of considerable efforts in inkjet printing of 2D 

materials (especially graphene), several challenges slow down 

progress in the printing performance, efficiency and reliability, 

including: (1) Most inkjet printers favor a suitably low ink viscosity 

around 10 cP. However, excellent solvents for dispersing 2D 

materials, such as dimethylformamide (DMF) and N-

methylpyrrolidone (NMP),[11] have too low viscosity (<2 cP). Such 

incompatible rheology may severely degrade the jetting 

performance. (2) Usually the concentration of as-prepared 2D 

material dispersion is very low (< 0.1 mg/mL). This is not efficient 

for inkjet printing since tens of printing passes are often needed 

to obtain functional films. (3) The 2D materials easily aggregate in 

the dispersions. This results in big particles which may block the 

nozzles and hence influence the jetting reliability. (4) DMF and 

NMP are toxic, which causes environmental concerns when they 

are adopted for mass production in industry. 

Recently, we developed a simple and general technology[13,14] 

to formulate advanced inks for 2D materials. It is mainly based on 

a distillation-assisted solvent exchange technique.[15] This 

Concept paper elaborates the technology aiming to facilitate its 

employment and extension in future studies.  
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2. Solvent Exchange for Ink Formulation 

The biggest challenge for inkjet printing of 2D layered materials is 

that there are no common solvents which excel in exfoliating 2D 

materials and simultaneously possess compatible rheology for 

inkjet printing. To address it, our technology concept is fairly 

simple: The 2D materials are first exfoliated in a suitable solvent 

and then the solvent is exchanged with another solvent which is 

compatible with inkjet printing. With this concept, it is not 

necessary to seek a common solvent compatible with both 

exfoliation and inkjet printing. As illustrated in Scheme 1, our 

technology mainly includes four steps:  

(1) Raw 2D materials (in bulk form) are exfoliated into single- or 

few-layer nanosheets in an appropriate solvent (hereafter referred 

to as exfoliation solvent) through the well-established liquid-phase 

exfoliation technique.[11] 

(2) Compatible polymers are added to prevent the acquired 2D 

nanosheets from restacking and hence stabilize the dispersion. In 

general, these polymers should be removed after printing. 

(3) Another miscible solvent (hereafter referred to as printable 

solvent) is added into the dispersion. As compared with the 

exfoliation solvent, the printable solvent has a higher boiling point, 

higher viscosity, lower volume and lower toxicity. Then, the 

exfoliation solvent is distilled off and the 2D nanosheets transfer 

into the printable solvent.  

(4) The new dispersion is tailored with a third solvent (hereafter 

referred to as tailoring solvent) to attain compatible rheology for 

inkjet printing.  

 

Scheme 1. Schematic illustration of our ink formulation concept for inkjet 

printing of 2D layered materials, such as graphene and MoS2. The technology 

includes four steps (see the text) and is mainly based on the distillation-assisted 

solvent exchange technique (Step 3).  

We propose the technology described above as a general 

route to overcome or diminish the challenges in inkjet printing of 

2D materials. In terms of different applications, one may 

implement the concept in different ways. Here we introduce our 

recent implementation which applies to inkjet printing of 

graphene[13] and MoS2.
[14] Because of the similarity between 

graphene and many other 2D materials,[9–11] we expect that this 

implementation applies to most 2D layered materials. We also 

hope that new implementations can be developed in future 

studies to further extend the technology concept. 
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2.1 Liquid-Phase Exfoliation  

High-quality (nearly defect-free) graphene[16] and other 2D 

nanosheets[11] have been directly obtained from a simple and 

general liquid-phase exfoliation technique. Bulk materials (usually 

powders of the 2D layered materials) are first mixed with an 

appropriate organic solvent and then exfoliated into 2D 

nanosheets with the assistance of ultra-sonication. After 

centrifugation, large particles sediment and the harvested 

supernatant contains mostly single- or few-layer 2D nanosheets. 

Systematic studies indicate that the concentration, flake 

dimension and thickness strongly depend on sonication power, 

sonication time, and centrifugation rate.[16–19] In general, high 

sonication power or long sonication time produces high 

concentration but also introduces more defects. High 

centrifugation rate gives rise to smaller and thinner nanosheets.  

Considering the preference of inkjet printing and the 

requirement of our technology concept, we choose DMF as the 

exfoliation solvent. DMF is an excellent and common solvent for 

exfoliating 2D materials.[11] In particular, as compared with many 

other exfoliation solvents, such as NMP and dimethyl sulfoxide 

(DMSO), DMF has a relatively low boiling point (~ 153 oC), and 

hence provides more space for the selection of the printable 

solvent, which must have higher boiling point than the exfoliation 

solvent. In order to acquire high quality (with fewer defects) of the 

2D materials and make a trade-off between concentration and 

efficiency, we use low-power bath sonication for a moderate 

sonication time. Since large flakes may block the nozzles during 

printing, a high centrifugation rate is used to obtain small flake 

sizes. In detail, a typical procedure to exfoliate the 2D materials in 

our implementation is as follows. (1) Powders of raw 2D materials 

are mixed with DMF at the concentration of ~2 mg/mL. (2) The 

mixture is bath sonicated for ~20-40 h. During sonication, the 

bath water is refreshed every few hours to retain nearly constant 

temperature. (3) The obtained dispersion is centrifuged at 

~10,000 rpm for 30 min to sediment the large particles, and the 

supernatant is harvested. (4) To confirm the removal of large 

particles, the supernatant is centrifuged again at ~10,000 rpm for 

30 min. The final harvested supernatant is a clear DMF 

dispersion of the 2D materials, as shown in Scheme 1. Usually 

the flakes in this dispersion have lateral dimensions much less 

than 1 µm and thicknesses less than 10 nm, but the concentration 

is rather low. For example, it is ~20 µg/mL for graphene/DMF 

dispersion, and ~5 µg/mL for MoS2/DMF dispersion. 

2.2 Polymer Stabilization  

The obtained low-concentration DMF dispersion of 2D material is 

fairly stable. However, upon being concentrated, the exfoliated 

2D flakes may restack and the stable period is severely 

shortened.[15] Therefore, stabilizing polymers (or surfactants) are 

usually introduced to extend the stable period and improve the 

printing reliability. Here, we take ethyl cellulose (EC)[20] as the 

stabilizing polymer. The advantage is threefold. First, EC 

effectively stabilizes the 2D material inks. We have demonstrated 

that the EC-stabilized graphene ink is stable for at least several 

weeks at concentrations of over 1 mg/mL, and the EC-stabilized 

MoS2 ink (~ 0.1 mg/mL) is stable for one week. Second, during 

printing, EC improves the uniformity of the printed patterns.[13,21] 

Last, after printing, most EC can be readily removed through a 

simple annealing, and the burnout temperature is relatively low 

(~400 oC in air).[22] After these steps, the performance of the 

pristine 2D materials can be almost fully recovered.  

In practice, two kinds of EC are used. They have different 

viscosity, 4 cP and 22 cP (5% in 80:20 toluene:ethanol, Sigma-

Aldrich), respectively. The low-viscosity EC is added first into 

DMF dispersions and sonicated for 1 h to enhance the interaction 

with the 2D materials. Then, the high-viscosity EC is added to 

further stabilize the dispersion, as well as improve the printing 

pattern uniformity.[13,21] The amount of EC is calculated so that the 

concentration of each EC after solvent exchange is around 5 

mg/mL. This EC concentration level greatly improves the ink 

stability and pattern uniformity, but does not leave evident residue 

after annealing. 

2.3 Distillation-assisted Solvent Exchange  

The function of the solvent exchange process is twofold. One is to 

make the 2D material dispersions printable, and the other is to 

concentrate the inks. In order to exchange the exfoliation solvent 

with the printable solvent through distillation, the latter should 

have a much higher boiling point than the former (preferably the 

difference is >25 oC). In order to concentrate the inks, the 

printable solvent should have significantly lower volume than the 

exfoliation solvent. 

In our implementation, we choose terpineol as the printable 

solvent for several reasons. (1) The boiling point of terpineol is ~ 

220 oC, significantly higher than that of DMF (153 oC), a desired 

merit for the distillation. (2) Terpineol has high viscosity (~ 40 cP 

at 20 oC) and is compatible with inkjet printing after being tailored. 

(3) Low-dimensional materials, such as graphene and carbon 

nanotubes, are relatively stable in terpineol even at high 

concentration.[15,23] (4) EC has good solubility in terpineol. 

Therefore, the combination of terpineol and DMF should be an 

ideal system for the distillation to formulate 2D material inks. 

To concentrate the dispersion, before distillation, the EC-

stabilized 2D material dispersion is mixed with terpineol at a 

specific volume ratio (DMF: terpineol) of Rv. Then after DMF is 

distilled off, the dispersion is concentrated by Rv times. The 

upper limit of Rv seems to be 60:1 for graphene and 20:1 for 

MoS2 when the sonication time in the first step is ~40 h. Beyond 

the limit, the stability of the final inks decreases. 

In our experiments, a vacuum distillation is used (Scheme 1). 

The DMF/terpineol mixture is first put into the left flask of a rotary 

evaporator and then heated to 80 oC by water bath. When the 

pressure is reduced to ~30 mbar, DMF begins to evaporate and 

the DMF steam condenses in the right flask. Once DMF is 

distilled off, the 2D material is transferred to the terpineol 

dispersion and hence the solvent exchange is accomplished. 

2.4 Ink Tailoring  

The terpineol dispersions of 2D materials are very viscous 

(viscosity > 40 cP) and stable for a long time. Such dispersions 

may be straightforwardly employed for screen printing,[24] but iare 

incompatible with inkjet printing. Shortly prior to inkjet printing, the 

viscosity should be tailored with the tailoring solvent to be ~ 10 cP 

(at the printing temperature). Obviously, the tailoring solvent 

should have low viscosity, compatible surface tension, and good 

dissolving capacity with the printable solvent and the stabilizing 

polymer. 

In our implementation, we use ethanol as the tailoring solvent. 

Ethanol has a very low viscosity (~1 cP at 20 oC), is miscible with 
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terpineol, and dissolves the EC polymer well. It can tailor the 

rheology of the 2D material inks without significantly diluting them. 

As for the inkjet printer (Dimatix Material Printer, DMP-2800) in 

our work, the optimal volume ratio for the tailoring is terpineol : 

ethanol = 3:1. After a rough sonication (~1 h) of the terpineol/ 

ethanol mixture, stable and high-concentration inks are obtained. 

Finally, for the ink composition, we prefer the combination of 

two solvents (i.e., terpineol and ethanol) to one single solvent. On 

one hand, just as it is challenging to find a common candidate for 

both exfoliation solvent and printable solvent, one can hardly 

impose all the functionalities of the printable and tailoring solvents 

into one common solvent. On the other hand, during printing, the 

two-solvent systems may improve the drop wettability and pattern 

uniformity. 

2.5 Technology Superiority 

It is worth noticing that the above technology is not an exclusive 

method to implement the concept of solvent exchange. Some 

other solvent exchange techniques have also been demonstrated 

for the preparation of high-concentration graphene dispersions, 

such as filtering[25] or precipitating[21] graphene from the first 

solvent and redispersing it into the second solvent, and iteratively 

extracting graphene from the first solvent to the second one by 

virtue of its dispersibility difference in the two solvents.[20] 

As for inkjet printing, however, our distillation-assisted solvent 

exchange technique has several advantages. (1) The technique 

is very simple since the solvent exchange is accomplished by 

only one distillation process. (2) The solvent exchange process 

takes place completely in liquid phase, preventing the restacking 

of 2D material flakes to the largest extent. (3) Almost all 2D 

material flakes are transferred into the printable solvents, greatly 

reducing material waste. (4) Although many applications prefer 

low-boiling-point solvents, inkjet printing usually favors high- 

boiling-point inks since low-boiling-point inks are volatile and 

hence easily block the nozzles. Therefore, the distillation-assisted 

solvent exchange technique ideally suits inkjet printing because 

of their common preference of high boiling point for the printable 

solvent.  

3. Results and Discussion 

With proper parameter settings (driving waveform, cartridge 

temperature, firing voltage and frequency, etc.) in the inkjet 

printer (DMP-2800), we have demonstrated that our 2D material 

inks provide excellent jetting performance and produce conformal, 

uniform and high-resolution patterns. More importantly, they allow 

simple and efficient fabrication of a variety of electronic devices 

with good performance. Typically, several printing passes 

followed by a simple annealing accomplishes the process. 

3.1 Jetting Performance 

Thanks to the compatible rheology and suitable flake size, both 

graphene and MoS2 ink droplets are well directed and constantly 

jetted out of all nozzles at an even velocity, as shown in Figure 1. 

Such reliable jetting performance facilitates parallel printing with 

multiple nozzles for efficient large-scale production. 

 

Figure 1. Stroboscopic images of jetted droplets showing the jetting 

performance of (a) graphene and (b) MoS2 inks. The images were captured 

using the Drop Watcher system of the DMP-2800 printer in the frozen mode 

with a strobe delay of 30 µs. Adapted with permission from Ref. [13] for (a) and 

Ref. [14] for (b). 

3.2 Printed Patterns 

The excellent jetting performance produces high-quality printing 

patterns. Figure 2 indicates the printed droplet matrix, lines and 

films for graphene and MoS2. The as-printed patterns are uniform 

and conform well to the designs. Without any intentional surface 

engineering, the resolution (droplet diameter or line width) is 50-

80 µm. In particular, the printed lines are smooth, even, narrow 

and straight. These are important and indispensable features for 

future applications in printed electronics.[26]  

 

Figure 2. As-printed (upper) and dried (lower) patterns for inkjet printing of (a) 

graphene and (b) MoS2. All the scale bars are 100 µm. Adapted with permission 

from Ref. [13] for (a) and Ref. [14] for (b).  

After ink drying, the patterns retain excellent uniformity. 

Especially for the graphene patterns, the atomic force microscopy 

(AFM) analyses of the printed droplet and line (Figure 3) 

quantitatively confirm their uniformity and suggest that they are 

free from the well-known and usually undesired coffee-ring 
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effects.[27] When a spilled drop of coffee (or in general a liquid 

containing certain solutes) dries on a solid surface, a ring-like 

deposit along the boundary, rather than a uniform film, is often left. 

This phenomenon occurs during drying of most liquid solutions/ 

dispersions. The mechanism is generally ascribed to the pinning 

of the contact lines (edges) of the drying drops. Since liquid 

evaporates faster in the edge than in the center, the contact line 

pinning forces the liquid to flow from the center to replenish the 

edge. The outward flow carries solutes to the edge and makes it 

significantly thicker than the center. This causes the coffee-ring 

effects. For our graphene inks, however, we observe the 

depinning of contact lines during drying.[13] The reason may be as 

following. Initially, the ink (terpineol/ethanol mixture) has good 

wetting on the substrates (Figure 4a). Since ethanol has a very 

low boiling point (78 oC), it evaporates much faster than terpineol, 

especially at the contact lines. When ethanol dries, some 

graphene/EC composite deposits, and the remaining terpineol 

has poor wetting on this composite surface (Figure 4b). As a 

result, the poor wetting depins the contact lines and suppresses 

the coffee-ring effects. However, in contrast to the coffee-ring 

effects, the de-wetting of terpineol may also cause non-uniformity 

for the patterns (Figure 4b). Fortunately, this issue can be 

addressed by increasing the substrate temperature to alleviate 

the dewetting and expedite the evaporation of terpineol to quickly 

reach uniform patterns (Figure 4c). 

 

Figure 3. AFM images of a dried droplet (a) and line (b) for the printed graphene 

patterns in Figure 2a. (c) and (d) are cross-sectional profiles along the three 

directions in (a) and (b), respectively. The patterns are globally uniform (free 

from the coffee-ring effects). Adapted with permission from Ref. [13]. 

For dried MoS2 patterns (Figure 2b), however, the coffee-ring 

effects are still visible. It might be that the MoS2/EC composite 

has different surface properties than the graphene/EC composite, 

so that the dewetting of terpineol is not strong enough to depin 

the contact lines. Consequently, in spite of the great similarity 

between graphene and MoS2 in liquid-phase processing, we 

observe their fine distinction in inkjet printing. 

 

Figure 4. Evaporation processes of inkjet printed graphene films on silicon. (a) 

Optical micrograph of an as-printed liquid film. (b) The dried pattern with the 

substrate at room temperature (~25 oC). The dark region in the center consists 

of the dewetted terpineol. (c) The dried pattern with the substrate at 60 oC. 

There is no dewetting and the pattern is fairly uniform. Adapted with permission 

from Ref. [13]. 

The suppression of coffee-ring effects is of great interest.[28] It 

should be a new, effective and general strategy to suppress the 

coffee-ring effects on various substrates through the wetting-

dewetting transfer in the mixed inks of high- and low-boiling-point 

solvents and suitable polymer composite, although systematic 

studies are still needed to further clarify the mechanism. Note the 

depinning of contact lines is also observed on certain substrates 

in other studies.[29,30] Besides, in terms of different application 

requirements, other conventional and novel strategies could also 

be integrated into our printing technology of 2D materials, such as 

modifying the particle shape to prevent the outward capillary 

flow,[31] and mixing different solvents to induce the inward 

Marangoni flow.[32] 

3.3 Device Performance 

Not only should a good inkjet printing technology produce 

excellent jetting performance and patterns, but it should also 

retain the performance and functionality of the printed materials. 

We have used our inkjet printing technology for 2D materials to 

print several electronic devices with good performance, such as 

transparent conductors, supercapacitors and photodetectors. 

 

Figure 5. Inkjet printed graphene transparent conductors. (a) Printed graphene 

square films (1.5 cm × 1.5 cm) with various printing layers (from 1 to 6 layers) 

on glass slides. (b) An SEM image of the 6-layer (6L) graphene film. (c) Raman 

spectra of the printed graphene films. (d) Transmittance (at the wavelength of 

550 nm) versus sheet resistance for some printed graphene films (3-6 printing 

layers). Reprinted with permission from Ref. [13]. 
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Graphene-based transparent conductors. Figure 5 shows 

printed graphene transparent conductors. The devices are 

fabricated through printing the graphene inks on glass slides 

(Figure 6a) followed by a baking process on a hot plate at 400 oC 

in air for 1 h. A scanning electron microscopy (SEM) image 

(Figure 6b) and Raman spectra (Figure 6c) confirm the presence 

of few-layer graphene flakes without extensive contamination 

from the EC residue. The transmittance and sheet resistance 

depend on the number of printing layers (passes). For the device 

with five printing passes, the transmittance (at a wave length of λ 

= 550 nm) is ~ 80%, and the sheet resistance reaches 30 kΩ/□. 

The resistance is about 2-3 orders of magnitude lower than that 

of other printed graphene devices in the literature. It is also 

comparable to that of vacuum-filtrated polymer-free graphene 

films,[15] implying that the printing process does not cause severe 

performance degradation. 

Graphene-based supercapacitors. Figure 6 shows inkjet 

printed micro-supercapacitors in planar (interdigitated) structure 

on Kapton. The current collectors are printed with commercial 

silver nanoparticle inks (Figure 6a), while the electrodes are 

printed using our graphene inks with 8 (Figure 6b) or 4 (Figure 

6c) printing layers. From the cyclic voltammetry (CV) curves 

(Figure 6d-f), the areal-specific capacitances are extracted. With 

only 8 printing layers of graphene, the device (Figure 6b) 

possesses a capacitance of ~ 0.6 mF/cm2 at the scan rate of 100 

mV/s. This value is comparable to that of similar micro-

supercapacitors made from the laser scribing technique.[33] In 

particular, for the asymmetric supercapacitor (Figure 6c) with only 

one set of fingers covered by 4-printing-layer graphene, its CV 

curves exhibit clear asymmetry. These prove the efficiency of our 

printed graphene for energy storage. Moreover, the reliable 

printing technology of graphene allows the direct integration with 

printed current collectors, which leads to low equivalent series 

resistance (~8.7 Ω) and rapid frequency response (the 

resistance-capacitor time constant is 13 ms, as compared with a 

typical value of 1 s for normal supercapacitors).[13] 

 

Figure 6. Inkjet printed interdigitated graphene supercapacitors on Kapton. (a) 

Printed silver current collectors. (b) Printed graphene electrodes (8 printing 

layers) on top of silver current collectors. (c) Asymmetric supercapacitors where 

only one set of silver figures is covered by printed graphene (4 printing layers). 

All the fingers are 1.0 mm wide, 9.4 mm long and interspaced by 0.6 mm. (d), 

(e) and (f) are the CV curves measured in 1M Na2SO4 aqueous solutions for (a), 

(b) and (c), respectively. Adapted with permission from Ref. [13]. 

MoS2-based photodetectors. Figure 7 shows printed MoS2 

photodetectors on SiO2/Si wafers after annealing at 450 oC in N2 

atmosphere. The electrodes (vertical strips in Figure 7a) are 

printed with commercial silver nanoparticle ink, and the channels 

(horizontal line in Figure 7a) are printed with our MoS2 ink. The 

SEM image (Figure 7b), Raman spectra (Figure 7c) as well as 

AFM analysis confirm the presence of MoS2 flakes with lateral 

dimension at the level of 100 nm and thickness of about 5-7 nm. 

Even without specific engineering, these devices in such a simple 

structure have already been very responsive to the switching of 

any illumination ranging from ultraviolet light to infrared light. As 

shown in Figure 7d, the time-resolved current curves exhibit 

unique peaks (valleys) in response to illumination (dimming). The 

peaks and valleys likely result from the correlation between the 

intrinsic photoresponse of MoS2 and the trapping/detrapping 

process in the printed MoS2 films.[14] In addition, the responsivity 

reaches the level of 40 μA/W and the response time is less than 

0.6 s. This performance is comparable to the MoS2 devices 

fabricated by the Langmuir-Blodggett method.[34] It confirms again 

that our inkjet printing process retains the unique performance of 

the 2D materials. 

 

Figure 7. Inkjet printed MoS2 photodetectors on Si/SiO2 wafers. (a) Optical 

micrograph of the printed devices. For passivation, the overall devices are 

covered by a 50-nm-thick Al2O3 film fabricated by atomic layer deposition. (b) 

An SEM image of the printed film showing MoS2 flakes. (c) Raman spectra 

confirm the existence of MoS2. (d) Time-resolved current curves for the printed 

MoS2 devices under different illuminations: (from top to bottom) white, ultraviolet, 

blue, red and infrared light. During measurement, the illumination is switched on 

(the shaded intervals) or off (the unshaded intervals) for every 5 seconds. Upon 

each switch on (off), there is a responsive peak (valley) in the current curves for 

all illuminations. Adapted with permission from Ref. [14].  

Finally, it is worth mentioning that all the printed devices in 

this Concept rely on a high-temperature (> 400 oC) annealing to 

remove the stabilizing polymers and recover the desired 

performance of 2D materials. The annealing, however, is not 

compatible with most plastic substrates used in flexible 

electronics. In order to extend the applications of our printing 

technology, low-temperature or selective sintering techniques well 

developed for printed metal nanoparticles might be incorporated, 

such as electrolyte sintering,[35] “built-in” sintering,[36] microwave 

sintering[37] and laser sintering.[38] 

4. Conclusion 

The proposed technology concept is promising to overcome 

several great challenges in inkjet printing of the emerging 2D 

layered materials. Combining the distillation-assisted solvent 

exchange with polymer stabilization, we formulate stable, high-

concentration, environmentally-friendly and printable inks for 

graphene and MoS2. The inks produce excellent jetting 

performance, and conformal and uniform printed patterns at high 

resolution of tens of micrometers. They may also offer a general 

strategy to suppress the well-known and often undesired coffee-

ring effects in inkjet printing. More importantly, our printing 
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technology allows fabricating electronic devices in a simple way 

(typically several printing passes followed by a simple annealing), 

but does not evidently diminish the unique properties of the 2D 

material nanosheets. We demonstrate that the inkjet printed 

transparent conductors, supercapacitors and photodetectors 

based on graphene or MoS2 have comparable or superior 

performance to those fabricated through other liquid-phase 

techniques. In conclusion, our inkjet printing technology for 2D 

layered materials has substantially improved the manufacturing 

efficiency and product quality. It is therefore very promising for 

emerging organic and printed electronics. 
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