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In this review, we survey several recent developments in printing of nanomaterials for contacts, transistors, sensors of various

kinds, light-emitting diodes, solar cells, memory devices, and bone and organ implants. Commonly used nanomaterials are

classified according to whether they are conductive, semiconducting/insulating or biological in nature. While many printing pro-

cesses are covered, special attention is paid to inkjet printing and roll-to-roll printing in light of their complexity and popularity.

In conclusion, we present our view of the future development of this field.

1 Introduction

Additive fabrication process offer a thematic contrast to tradi-

tional micro-fabrication processes that rely critically on sub-

tractive patterning. While semiconductor growth is intrinsi-

cally a bottom-up process where multi-scale additions of ma-

terial, at atomic, molecular, grain, region and layer, are suc-

cessively grown, processing of exploitable devices involves

several steps: a) formation of device regions composed of

uniquely defined materials, b) formation of any contact re-

gions needed to access the device electrically, c) formation of

any optical in- or out-coupling regions, d) design of the pro-

cess steps in a way that avoids compromising any previously

defined material regions.

This process has traditionally been carried out in top-down

method, with definition of patterns of different material re-

gions at ever shrinking length scales. A complex process em-

ployed in micro-fabrication may involve lithography, develop-

ment, etching, in addition to additive steps such as oxidation,

spin-coating (usually of photoresist), and chemical vapour de-

position.1 The benefits of this process, namely, accurate con-

trol over device dimensions, scalability to high-volume man-

ufacture, use of a native oxide and other suitable dielectrics

and very large scale integration of devices on a single chip,

have revolutionized electronics and optoelectronics in recent

decades.
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Fig. 1 A classification of various manufacturing processes of

potential relevance to device fabrication. Reproduced with

permission.6

An alternate process, which involves a class of bottom-up

methods2–5 like self-assembly, involves the assembly of com-

plex structures through assembly of atoms/molecules to form

predefined shapes at ever-increasing length-scales. While

in relative infancy, recent progress has been rapid. A re-

cent work6 comparing various variants of substrate transport

based fabrication processes provides a plausible classification

(Fig. (1)) of fabrication processes. Various fabrication meth-

ods differ from each other on the basis of the nature of contact

topology, abstract notions of substrate handling, substrate mo-

tion in relation to the motion on the production like, produc-

tion scheduling, and the overall degree of integration. Given

the scope of this review article, it is instructive to examine dif-

ferent printing processes in a unified manner using this classi-

fication.

Nanomaterials are ideal additive building blocks for addi-
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tive processes7,8 as they permit precise control over mate-

rial properties, high purity through synthesis-dependent meth-

ods, selective collapse of dimensional symmetry, confinement

of carrier wavefunctions,9 and resulting change in proper-

ties, growth methods attuned to dimensionality of such ma-

terial systems, control of extent and nature of interconnection

between nanomaterials10 that permit different kinds of ma-

terial aggregation at different length scales, and thus permit

expression of different emergent material properties and de-

vice performance.11 The design of material properties possi-

ble through intelligent use of synthesis and fabrication meth-

ods is not accessible otherwise without radical changes in the

fundamental chemistry of constituent substances, something

that is not always possible. Thus, while superficially, aggrega-

tion of materials at length scales of relevant devices is the first

apparent benefit of combining additive processes like printing

with nanomaterials, the economies of scale in the process, the

development of mesoscale properties and unique device archi-

tectures12 presents an endless variety of choices of device fab-

rication routes and obviates several processing limitations oth-

erwise inherent in top-down or subtractive manufacturing.13

2 Printing methods

While not strictly classifiable as bottom-up fabrication pro-

cesses, printing processes (with some exceptions) are additive

in nature and thus are similar in spirit to these bottom-up pro-

cesses at larger length scales. Traditional printing in labora-

tory research involves the ejection of a (usually) liquid ink out

of a cartridge in the form of controllable drops, the impact

of the drop on the desired substrate, and its subsequent motion

under the joint influence of surface tension interaction with the

substrate influencing the initial radially outward motion, evap-

oration of the solvent comprising the ink, time-dependent vis-

cosity of the variable mass ink system and interaction with the

ambient in terms of temperature and humidity.14–16 A slight

departure on this process has gained prominence in recent

years in the form of three-dimensional printing which involves

a layer by layer construction of three-dimensional objects us-

ing cross-sections derived from a three-dimensional model of

the object, and employing a binder material. It is possible

to look at inkjet printing, which is described next, as an ex-

emplar 3D printing process if the ink can be immobilized on

the substrate quickly, and added ink preferably deposits new

material vertically instead of spreading out horizontally.17 In

this section, we will briefly survey two main printing meth-

ods - inkjet/3D printing and roll-to-roll printing and related

processes. This choice is based on the relative complexity

of these two printing processes. Other printing methods like

screen printing,18 gravure printing / imprinting,19–21 flexo-

graphic printing,19,22–24 etc. find extensive applications, and

are referenced in the remainder of this review as needed. The

reader is advised to consult the cited literature on the subject

to become familiar with these closely allied processes.

2.1 Inkjet printing

Like laser-based direct write methods, such as femtosecond

laser ablation,25 and laser decal transfer,26 volatile liquid-

based printing methods can employ a variety of materi-

als, depending on the nature of the printing process and

what is sought to be printed.14,27 While either solution- or

suspensions-based inks can be printed, these choices corre-

spond to certain unique features, and limitations in actual

practice.

Solution-based inks, depending upon the volatility of the

solvent used, and the viscosity of the ink, can provide a sim-

pler and more deterministic print recipe design once the rhe-

ological properties of the ink are known and the environment

suitably controlled. However, the solubility of the materials

sought to be deposited is controlled by the nature of the sol-

vent, temperature, humidity and ink pH. This combination of

factors can limit overall weight loading and result in various

film non-idealities upon drying, such as cracking upon vol-

ume contraction, intrinsic stress and in extreme cases, peel-

ing off or delamination. An ideal solution-based ink and its

deposition process would contain a sufficient loading of the

solute and be dried in a manner that preferentially densifies at

the substrate-ink interface, thereby avoiding volumetric crack-

ing. In geometric terms, such a process could be triggered to

precipitate the solute through exceeding the solubility limits

controllably in a localized region of the ink column above the

substrate. A temperature gradient between the cartridge print-

ing the ink and the substrate, for instance, could accomplish

this task. On the other hand, use of suspension-based inks,

which may involve use of colloidal suspensions, nanoparticles

permits the ink designer to exceed solubility limits greatly,

thereby increasing weight loading and producing more sta-

ble films. However, such suspensions can be unstable and

thus have a fixed shelf-life beyond which precipitation and

aggregation becomes appreciable. In both cases, the process

designer must contend with the tendency of the printed ink

to form ring stains, or central spikes due to capillary28 or

Marangoni29 flows during the drying of the ink drop, to dif-

ferent extents.

A recently demonstrated direct writing technique exploits

the capillary effect in conjunction with a rollerball pen.30,31

In traditional inkjet printing systems based on piezoelectric

heads, the feature size that can be printed is closely related to

the size of the droplet that can be ejected, and surface treat-

ments of substrates27,32–34. Further, the droplet size is also a

strong function of the nozzle diameters. The effect of the jet

velocity, v, orifice diameter, d, surface tention, σ , and density

of the ink, ρ . We can define the Ohnesorge (Oh) number for a

2 | 1–18Nanoscale 2014

Page 2 of 18Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 3 of 18 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



bility, density, and specific gravity are also relevant to a print

process, as are the mathematical quantities defined in Eq. (1).

This shrinks the corresponding solution space even further46,

making it a particularly difficult challenge to meet. It is essen-

tial to realize that given the sensitivity of printing processes on

the choice of the solvent, a resolution of this problem cannot

be deferred as an industry-specific problem of little interest to

scientists in the lab. In this light, recent work has explored

the use of non-halogenated solvents for large area OLED and

OSC applications of polymer printing.48 A new strategy turns

the traditional idea of high-boiling point solvents with high

solubility on its head by combining a volatile, high solubility

solvent with a stable, low solubility solvent.49 The effect of

such a choice on the throughput of device fabrication is as yet

unexplored.

If the ink used in an inkjet printing process can be made sig-

nificantly more viscous or the printed material can otherwise

be quickly immobilized on the surface instead of undergo-

ing capillary28 or Marangoni flow,29 material growth occurs

preferentially in the vertical direction as opposed to formation

of relatively thin layers. This regime of printing can techni-

cally be referred to as 3D printing. In practical 3D printers,

binder elements (as in fused deposition modelling) are added

to provide the binding force between the material sought to be

printed as well as the higher viscosity needed to suppress lat-

eral expansion of the droplet. Though the process is more than

40 years old50, significant price drops after 2010 and avail-

ability of easy to use software has pushed this technology into

teaching, research, and importantly, hobby-craft.51,52 Unsur-

prisingly, market trends have followed suit.53,54 Due to the

rapidly expanding range of applications of conventional print-

ing processes14,55–57, extensions of the achievements with

conventional printing processes have begun to be replicated in

the third dimension as well.58 One of the most common appli-

cations of 3D printing involve creation of rapid prototypes that

can be used for casting or heat pressing.59 Historically, initial

work done by the Evans group on direct inkjet printing has in-

volved printing or ceramic-based60,61 and wax-based oxide62

suspensions, and 3D growth of vertical walls.63

One of the major disadvantages of 3D printing is the devia-

tion from design lengths due to composition-dependent volu-

metric changes in the polymer-binder as it dries after the print

(bleeding effect). When the size of the printed object reduces,

there is need for a more intelligent software that can take the

drying properties of the ink into account and design around

it.64–67 Contrary to expectations from the historical market re-

sponse to expiry of patents, such as the fused deposition mod-

eling patent (FDM) which expired in 2009, the more recent ex-

piry of the selective laser sintering patent in January 2014 has

not yet led to an exponential growth in open source/hardware

solutions corresponding to that technology,68 thought one may

reasonably expect greater growth in the years to come.

2.2 Roll-to-roll printing

Methods of printing corresponding to the graphics arts indus-

try, such as newsprint, banner and textile printing, are ex-

pected to maximize the throughput of large-area flexible de-

vice fabrication. While alternatives to it exist,6 a common

method used in this context is roll-to-roll (R2R) printing. Such

methods are extensively used applications where production

of large area devices is prominent. Growing interest in wear-

able devices, such as sensors69 integrated into textiles, has

further enhanced the potential uses of this process. Appli-

cations of roll-to-roll processing include, deposition of elec-

trodes,70–73, sensors,74,75, polymer FETs,76 optical films,77

and most importantly, large-area solar cells.19,22,23,78–84 R2R

methods can be combined nearly seamlessly with other indus-

trially scaleable processes such as chemical vapour deposition

(CVD),85 sputtering,86 and address small feature sizes acces-

sible during UV-imprint,87 and nano-imprint88 lithography.

Conventional application of R2R process has involved single

thin film deposition of several types of materials. However, as

an R2R system can hold more than one roller, sequential depo-

sition of multiple layers has been a main industrial application

for variety of thin (or thick) film process, and can approach the

quality of material deposition available through vacuum depo-

sition processes. The thickness of deposited films is controlled

accurately by the gap between the rollers, the rotational speed

and the post-deposition annealing steps.

It is also possible to transfer a film grown on a metal sub-

strate to a polymer substrate using R2R techniques. This

possibility can be useful in case the deposition temperature

of the functional material is beyond the operating limits for

the polymeric substrate. For instance, such a transfer print-

ing technique can be used to deposit CVD grown graphene on

a polymer substrate.70,87,89 In combination with use of inor-

ganic nanomaterials directly deposited in a R2R process, this

method is expected to save significant cost and time, compared

to pure vacuum-based processes.

3 Electrically conductive species

Metal-semiconductor contacts and interconnects permit com-

bination of devices in larger functional blocks and for us

to interact with them. In general, such contacts must per-

mit efficient conduction of charge carriers without adding to

the power dissipation and losses. Traditionally, formation of

such conductive layers has involved metallization using pro-

cesses such as sputtering, evaporation and electron-beam de-

position. While these processes are mature and well-tested,

and corresponding library of metal-semiconductor combina-

tions has been developed over the years for a variety of elec-

tronic and optoelectronic / photonic devices, these processes

are not seamlessly integrated into the solution-processed de-
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Table 1 Summary of some recent results of deposition of conductive species. Method=deposition method. Other columns: d= Particle size

(nm), ρ=Resistivity (µΩ· cm) reported in the study, C% = Maximal percentage of the bulk conductivity achieved in the study (=
ρbulk

ρ ×100),

T% = Transparency. Some abbreviations: IJP=Inkjet Printed. SP=Screen Printed. BP=Brush-painted. D=Dispensed. DB = doctor bladed.

MOD = Metallorganic Decomposition. UV = Ultraviolet. GO=Graphene Oxide. RGO=Reduced Graphene Oxide. WGO=Weakly oxidized

Graphene Oxide. NGP=Nano Graphene Platelets. NW = nanowires. Curing conditions involve thermal sintering/annealing unless indicated

otherwise. Starred numbers (and columns) have been calculated from provided data.

Method
Material/ref. d (nm) Ink chemistry Curing ρ(µΩ·cm) C%∗ T%

IJP Ag138 5-20 poly(acrylic) acid / Byk-348 / amino

methyl propanol

30 43(120∗

for 2D)

4 95

IJP Ag35 2-3 Tetradcane 130◦C <25 > 6 -

Thermal

imprint/IJP

Ag22 216/45 Water/- 140/140◦C 25/1200∗ 6.36 /

0.1

82/71

IJP Ag116 < 150 Ethanol 150-300 ◦C 21-25 8 -

SP Ag NW156 25700×187 Ethanol Compaction 16.47∗ 9.65 -

IJP Ag(MOD)139 - - UV 15.39∗ 10.33 -

IJP Ag128 30-50 poly (vinylpyrrolidone) / ethylene glycol /

ethanol / glycerol

Photonic

flash sinter-

ing

14.31∗ 100
9

-

D Ag136 518 × 30 Ethanol 200 7.4 21.5 -

IJP Ag137 11.1 poly(acrylic acid) sodium / poly (dial-

lyldimethylammonium chloride)

Chemical

sintering

6.8 23.4 -

IJP Ag114 < 100 Ethanolamine 90-120◦C 6-9 27 -

IJP Ag113 <20 Hexylamine / Ethyl cellulose 250◦C 4.625-

9.376

34.378 -

IJP Ag117 12.2 Ethanol 150-250 ◦C 4.54-

7.13

35.02 -

IJP Ag37 50 - Laser 4.07 39.1 -

IJP Ag107 40 Water / Monoethanolamine 50-180◦C 3.7-139 43.0 -

IJP Ag130 10-20 Triethylene glycol monoethyl ether Electrical

sintering

2.7∗ 58.9 -

IJP Ag118 - AgNO3/Water Plasma 1.7 93.5 -

IJP / DB Ag / PE-

DOT:PSS134
- Isopropyl alcohol 65◦C /

225◦C

170∗ 1 -

BP Ag NW /

ITO157
See ref. - ITO:100◦C /

Ag: 150 ◦C

1090 - 79.50

EHD / BP Ag / ITO158 10-25 Ethanol 200◦C 42 - 83.72

BP Ti:In2O3
159 20-40 Ethanol 350-500◦C ∼ 3000 - 85.48

IJP Cu@Ag@C/

Ag@Cu@C120
50 Water / ethylene glycol (butyl or methyl)

ether / isopropanol / Byk-Jet 9132

- 227.3 -

5882.4∗
- -

Meyer Rod RGO57 - Water / Zynol 650◦C 13425∗ - 45

IJP GO151 - Water / poly(ethylene glycol) diacrylate UV ∼3×1012 - -

IJP WGO154 - Ethylene glycol / Na dodecylbenzenesul-

fonate

100◦C 2381∗ - -

IJP Graphene153 - Ethyl cellulose / cyclohexanone / terpineol 250◦C 4000 - -

IJP NGP/PANI149 40-80 PANI / surfactant / water 80 ◦C 2.72×106∗ - -

IJP SWCNT/RuO2

NW160
- Water/Na dodecyl sulfonate - 625∗ - 10-

80
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4 Semiconducting, and insulating species

While conductive layers can be inorganic, such as for trans-

parent conductive oxides, in this section, we briefly survey

the current state of art in printing of inorganic nanoparticles

as functional components of different electronic and interest-

ingly, non-electronic devices. Inorganic nanoparticles, find of-

fer prospects for or current applications in quantum-dot based

light-emitting diodes (QDLEDs),185–187, organic-inorganic

hybrid material based LEDs188,189, solar cells,190–192, gas

sensors,193, photovoltaics.194–196 and biosensors.197 We have

briefly discussed sintering of nanoparticles in Sec. (3). In

the discussion that follows, it is implicitly assumed that sin-

tering of inorganic nanoparticles91,198 is governed by similar

physics.

There has been a resurgence in research interest in dye-

sensitized solar cells due to advances in materials, material

deposition methods, and solid phase electrolytes. Screen

printed190,191,199–202 and inkjet printed199,203 TiO2 nanopar-

ticles and other nanosystems like titanium oxide nanobun-

dles204 are common photoelectrodes for organic and dye-

sensitized solar cells. Conventional room temperature meth-

ods of forming TiO2 paste involve suspending the nanopow-

der in ethanol, sonication and adding titanium tetraisopropox-

ide (TTIP) as a hydrolyzing agent to form a stable and uni-

form suspension.205 Recently, Dar et al. 206 demonstrated a

microwave-based approach to synthesize anatase titania nano-

materials in two different size regimes for functionally dif-

ferent parts of a dye-sensitized solar cell exhibiting effi-

ciency of 6.5%. Titania nanomaterials can be deposited us-

ing nanomaterials of different dimensionality and size us-

ing screen printing.207 Chang et al. 208 doped TiO2 with up-

converting nanoparticles to form TiO2/NaYF4:Yb3+, Er3+

nano-heterostructures, which were fabricated using screen

printing of the resulting paste. They found that the samples

with the up-converting nanoparticles showed a 17% improve-

ment over samples that did not. Other reported methods of

increasing efficiency of the photoanodes in solar cells involve

tungsten doping.209

Besides titanium oxide, other viable species such as

ZnO192,210 and BiVO4
211 have also attracted interest over re-

cent years. Kwon et al. 212 showed direct selective growth

of ZnO nanowires using a zinc acetate ink precursor, and

demonstrated field-effect transistors and UV photodetectors

using this fabrication method. Printing of composite ZnO-

TiO2 nanoparticles and screen printing of TiO2 paste on to

ZnO microrod arrays grown on glass213 are methods of pro-

ducing a complex nanocomposite. In-situ growth of MgO and

ZnO films through printing of acetate solutions,214 and self-

organized growth of CuO hollow spheres are examples of al-

ternative to pre-synthesis and subsequent deposition.215 Other

possible composite components include graphene216 which

have been used to fabricate dye-sensitized solar cells. Krebs

et al. 82 have demonstrated a complete R2R process involving

ZnO nanoparticles (Fig. (7)).

Chalcogenide material systems have attracted significant in-

terest due to the wide variety of n- and p- type materials avail-

able with differing mobilities, and synthetic methods for large

scale production of nanoparticles have been developed.217

More complicated nanomaterial systems218 can be created

with in-situ growth of PbS nanoparticles on ZnO nanowires

using a printing-based approach. Bronstein et al. 219 have used

CdSe/CdS seeded nanorods as a tunable lumophore with em-

bedded, transfer-printed crystalline Si solar cells. The result-

ing area of the luminescent concentrators is 5000 times the

area of the solar cell. Nguyen et al. 220 have printed (using

a doctor blade method) Cu(In,Ga)S2 nanoparticles and sel-

enized to form Cu(In,Ga)Se2 (CIGS) solar cells. After anneal-

ing and etching with KCN, they found improved photovoltaic

performance. Application of rapid thermal processing meth-

ods221 can help speed up the fabrication of CIGS solar cells

even further.

Boulfrad et al. 222 have used perovskite-based nanomateri-

als to demonstrate scalable anodes for solid oxide fuel and

electrolysis cells. They doped x% wt. Ce0.9Gd0.1O2−δ (CGO)

into (La0.75Sr0.25)0.97Cr0.5Mn0.5O3 (LSCM) and coated it

with y% nickel oxide or nickel nitrate to prepare a screen print-

able ink in an organic solvent for the anode. An ink comprised

of (La0.8Sr0.2)0.95MnO3 (LSM) was prepared for the cathode.

Three compositions - A(x=15,y=0), B(x=15,y=5,source=NiO)

and C(x=15, y=5, source=Ni(NO3)3) were tested. The results

of impedance measurements carried out at two different tem-

peratures, with a fuel source: H2 + 3% water vapor are shown

in Fig. (8).

Piezoelectrics like lead zirconate titanate (PZT) form the

basis of functional layers involving interplay of mechanical

movement and charge state, and advances in synthesis of suit-

able inks223,224 and printing processes225 are significant.Wei

et al. 226 reported the design, fabrication and testing of a pla-

nar valveless micropump screen printed on to a polyimide sub-

strate. They achieved a maximum flow rate of 38 µl/min using

a drive frequency of 3 kHz.

While organic and polymeric species have found applica-

tions as diverse as OLEDs,227–230 piezoelectric actuators,231

ferroelectric memories,232 pioneering work on reinforced

composites employing thermoplastic polymers,233,234 and so-

lar cells,19,235–238 the printing of polymer- and organic semi-

conductor based nanoparticles has revealed them to be func-

tional materials with several applications. To promote adhe-

sion of polymer species on common substrates, variants of

printing processes like polymer grafting239 have been devel-

oped. Interestingly, inkjet printing of molten precursors has

been used to produce polymers like nylon 6.240 Being soft ma-

terials, polymer nanoparticles are suspect to a change in their

Nanoscale 2014 1–18 | 9

Page 9 of 18 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 10 of 18Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 11 of 18 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 12 of 18Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



for some of the performance degradation seen in non-vacuum

processes. While the removal of all unintentional chemistry at

the nanoscale is not possible for solution-processes, the active

addition of chemistry, in the form of functionalized nanopar-

ticles that are more stable in solution than bare nanoparticles,

suggests itself to be one possible route forward.

It will be interesting to see the effect of applying biological

principles and self-assembly to create new material proper-

ties, while combining nanoscale chemistry with a combination

of many different printing processes to access different length

scales of material organization. A tantalizing possibility that

exists involves the use of purely a synthetic approach coupled

with printing processes to achieve all device architectures cur-

rently accessible through expensive, low-throughput methods

of device fabrication, such as e-beam lithography, focussed

ion beam, atomic layer deposition, etc. For purposes of future

nanoscale devices that meet our ever more demanding speci-

fications, it is essential that this possibility be met to achieve

the necessary industrial scale-up.
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34 H. Meier, U. LÃffelmann, D. Mager, P. J. Smith and J. G. Korvink,

physica status solidi (a), 2009, 206, 1626–1630.

35 J.-U. Park, M. Hardy, S. J. Kang, K. Barton, K. Adair, D. k. Mukhopad-

hyay, C. Y. Lee, M. S. Strano, A. G. Alleyne, J. G. Georgiadis, P. M.

Ferreira and J. A. Rogers, Nature Materials, 2007, 6, 782–789.

36 T. Sekitani, Y. Noguchi, U. Zschieschang, H. Klauk and T. Someya,

Proceedings of the National Academy of Sciences, 2008, 105, 4976–

4980.

37 D. G. Lee, D. K. Kim, Y. J. Moon and S.-J. Moon, Nanotechnology,

2013, 24, 265702.

38 S. J. P. Kress, P. Richner, S. V. Jayanti, P. Galliker, D. K. Kim,

D. Poulikakos and D. J. Norris, Nano Letters, 2014.

39 D. Engstrom, B. Porter, M. Pacios and H. Bhaskaran, Journal of Mate-

rials Research, 2014, 29, 1792–1816.

40 H. K. Choi, J.-U. Park, O. O. Park, P. M. Ferreira, J. G. Georgiadis and

J. A. Rogers, Applied Physics Letters, 2008, 92, 123109.

41 K. Rahman, K. Ali, N. M. Muhammad, M.-t. Hyun and K.-h. Choi, Ap-

plied Physics A, 2013, 111, 593–600.

42 Y. Han, C. Wei and J. Dong, Manufacturing Letters, 2014, 2, 96–99.

43 P. Huang, D. Deng and Y. Chen, author, 2013.

44 I. Lee, W.-K. Oh and J. Jang, Journal of Hazardous Materials, 2013,

252–253, 186–191.

45 L. Shaw and Z. Bao, Israel Journal of Chemistry, 2014, n/a–n/a.

46 P. G. Jessop, Green Chemistry, 2011, 13, 1391–1398.

47 L. Moity, V. Molinier, A. Benazzouz, R. Barone, P. Marion and J.-M.

Aubry, Green Chemistry, 2013, 16, 146–160.

48 T. M. Eggenhuisen, M. J. Coenen, T. W. Slaats, H. Gorter, J. Sweelssen

and P. Groen, NIP & Digital Fabrication Conference, 2013, 2013, 203–

205.

49 G.-H. Lim, J.-M. Zhuo, L.-Y. Wong, S.-J. Chua, L.-L. Chua and P. K. H.

Ho, Organic Electronics, 2014, 15, 449–460.

50 C. Hull, Apparatus for production of three-dimensional objects by stere-

olithography, Google Patents, 1986.

51 D. Velenis, M. Stucchi, E. Marinissen, B. Swinnen and E. Beyne, IEEE

International Conference on 3D System Integration, 2009. 3DIC 2009,

Nanoscale 2014 1–18 | 13

Page 13 of 18 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



2009, pp. 1–5.

52 B. C. Gross, J. L. Erkal, S. Y. Lockwood, C. Chen and D. M. Spence,

Analytical Chemistry, 2014, 86, 3240–3253.

53 M. Eisenberg, International Journal of Child-Computer Interaction,

2013, 1, 7–13.

54 P. Zorlutuna, N. Annabi, G. Camci-Unal, M. Nikkhah, J. M. Cha, J. W.

Nichol, A. Manbachi, H. Bae, S. Chen and A. Khademhosseini, Ad-

vanced Materials, 2012, 24, 1782–1804.

55 H. Kang, J. Lee, S. Jung, K. Yu, S. Kwon, S. Hong, S. Kee, S. Lee,

D. Kim and K. Lee, Nanoscale, 2013, 5, 11587–11591.

56 D. Zopes, R. von Hagen, R. Müller, R. Fiz and S. Mathur, Nanoscale,

2010, 2, 2091.

57 J. Wang, Z. Fang, H. Zhu, B. Gao, S. Garner, P. Cimo, Z. Barcikowski,

A. Mignerey and L. Hu, Thin Solid Films, 2014, 556, 13–17.

58 Y. Zhang and J. R. G. Evans, Journal of Colloid and Interface Science,

2013, 395, 11–17.

59 C. Polzin, S. Spath and H. Seitz, Rapid Prototyping Journal, 2013, 19,

37–43.

60 W. D. Teng, M. J. Edirisinghe and J. R. G. Evans, Journal of the Ameri-

can Ceramic Society, 1997, 80, 486–494.

61 M. Mott, J.-H. Song and J. R. G. Evans, Journal of the American Ce-

ramic Society, 1999, 82, 1653–1658.

62 K. A. M. Seerden, N. Reis, J. R. G. Evans, P. S. Grant, J. W. Halloran

and B. Derby, Journal of the American Ceramic Society, 2001, 84, 2514–

2520.

63 X. Zhao, J. R. G. Evans, M. J. Edirisinghe and J.-H. Song, Journal of

the American Ceramic Society, 2002, 85, 2113–2115.

64 J. Hiller and H. Lipson, Rapid Prototyping Journal, 2009, 15, 137–149.

65 W. Wang, T. Y. Wang, Z. Yang, L. Liu, X. Tong, W. Tong, J. Deng,

F. Chen and X. Liu, ACM Trans. Graph., 2013, 32, 177:1–177:10.

66 Z. Kappassov, Y. Khassanov, A. Saudabayev, A. Shintemirov and

H. Varol, 2013 IEEE International Conference on Mechatronics and Au-

tomation (ICMA), 2013, pp. 1697–1702.

67 J. Gonzalez-Gomez, A. Valero-Gomez, A. Prieto-Moreno and M. Ab-

derrahim, in A New Open Source 3D-Printable Mobile Robotic Platform

for Education, ed. U. Rückert, S. Joaquin and W. Felix, Springer Berlin

Heidelberg, 2012, pp. 49–62.

68 J. Robinson, Expiring patents were supposed to boost the 3D printing

market. They haven’t, 2014, http://pando.com/2014/06/06/

expiring-patents-were-supposed-to-boost-the-3d-

printing-market-they-havent/.

69 J. R. Windmiller and J. Wang, Electroanalysis, 2013, 25, 29–46.

70 S.-H. Choa, C.-K. Cho, W.-J. Hwang, K. Tae Eun and H.-K. Kim, Solar

Energy Materials and Solar Cells, 2011, 95, 3442–3449.

71 S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakrishnan,

T. Lei, H. Ri Kim, Y. I. Song, Y.-J. Kim, K. S. Kim, B. Özyilmaz, J.-H.
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2012, 12, 333.

76 J.-M. Verilhac, M. Benwadih, A.-L. Seiler, S. Jacob, C. Bory, J. Bablet,

M. Heitzman, J. Tallal, L. Barbut, P. Frère, G. Sicard, R. Gwoziecki,

I. Chartier, R. Coppard and C. Serbutoviez, Organic Electronics, 2010,

11, 456–462.

77 M.-W. Wang, W.-C. Lin and M.-H. Lee, Microsystem Technologies,

2013, 19, 1753–1759.
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83 J. E. Carlé, T. R. Andersen, M. Helgesen, E. Bundgaard, M. Jørgensen

and F. C. Krebs, Solar Energy Materials and Solar Cells, 2013, 108,

126–128.

84 L. Wengeler, M. Schmitt, K. Peters, P. Scharfer and W. Schabel, Chemi-

cal Engineering and Processing: Process Intensification, 2013, 68, 38–

44.

85 Z.-Y. Juang, C.-Y. Wu, A.-Y. Lu, C.-Y. Su, K.-C. Leou, F.-R. Chen and

C.-H. Tsai, Carbon, 2010, 48, 3169–3174.

86 H. Tamagaki, Y. Ikari and N. Ohba, Surface and Coatings Technology,

2014, 241, 138–141.

87 P. Maury, D. Turkenburg, N. Stroeks, P. Giesen, I. Barbu, E. Meinders,

A. van Bremen, N. Iosad, R. van der Werf and H. Onvlee, Microelec-

tronic Engineering, 2011, 88, 2052–2055.
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Korvink, Applied Physics Letters, 2009, 95, 251107.

95 J. Li, F. Ye, S. Vaziri, M. Muhammed, M. C. Lemme and M. Östling,
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T. Fabritius, R. Myllylä, A. Vasiliev and N. Zaretskiy, Procedia Engi-

neering, 2011, 25, 896–899.

194 P. V. Kamat, The Journal of Physical Chemistry Letters, 2013, 4, 908–

918.

195 M. Grätzel, AIP Conference Proceedings, 2013, pp. 59–63.

196 F. Sauvage, M. K. Nazeeruddin and M. Grätzel, in Metal-Oxide

Nanoparticles for Dye-Sensitized Solar Cells, ed. S. B. Ogale, T. V.

Venkatesan and r. G. Blamire, Wiley-VCH Verlag GmbH & Co. KGaA,

2013, pp. 339–383.

197 R. Ahmad, M. Vaseem, N. Tripathy and Y.-B. Hahn, Analytical Chem-

istry, 2013, 85, 10448–10454.

198 H.-Y. Jin, J.-Y. Kim, J. A. Lee, K. Lee, K. Yoo, D.-K. Lee, B. Kim, J. Y.

Kim, H. Kim, H. J. Son, J. Kim, J. A. Lim and M. J. Ko, Applied Physics

Letters, 2014, 104, 143902.

199 A. Karpinski, S. Berson, H. Terrisse, M. Mancini-Le Granvalet,

S. Guillerez, L. Brohan and M. Richard-Plouet, Solar Energy Materi-

als and Solar Cells, 2013, 116, 27–33.

200 C.-L. Chen, T.-W. Chang, S.-C. Su, H. Teng and Y.-L. Lee, Journal of

Power Sources, 2014, 247, 406–411.

201 M. Zhu, L. Chen, H. Gong, M. Zi and B. Cao, Ceramics International,

2014, 40, 2337–2342.

202 W.-Q. Wu, Y.-F. Xu, H.-S. Rao, C.-Y. Su and D.-B. Kuang, Nanoscale,

2013, 5, 4362–4369.
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