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ELECTROCHROMIC DEVICE 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application claims the benefit of priority of US provisional application No. 

5 61/875,925 filed on 10 September 2013, the content of which is incorporated herein by 

reference in its entirety for all purposes. 

TECHNICAL FIELD 

The invention relates to electrochromic devices and methods of manufacturing the 

BACKGROUND 

[0003] Research efforts have been directed to study of physicochemical properties of 

electrochromic materials, as well as materials suitable for use as transparent conductive 

15 coatings. There is also interest in manufacturing of electrochromic devices prepared on 

flexible substrates. 

[0004] Indium tin oxide (ITO) has traditionally been the preferred choice of transparent 

conductive coatings. However, transparent electrodes based on ITO have a number of 

disadvantages, such , as high cost of ITO, brittleness of ITO, complexity of manufacturing 

20 process involving complicated processes for patterning (mainly by etching), limited 

quantities of precursors, and low conductivity. In particular, brittleness and high cost of ITO 

render ITO unsuitable for use in flexible electrochromic devices. Therefore, much effort is 

directed to finding alternatives for ITO possessing high conductivity, flexibility and yet high 

transparency that is especially important for large area electrochromic devices such as smart 

25 windows. 

[0005] In view of the above, there remains a need for improved materials and methods for 

manufacturing electrochromic devices that overcome or at least alleviate one or more of the 

above-mentioned problems. 

30 SUMMARY 

[0006] In a first aspect, the invention refers to a method of manufacturing an 

electrochromic device. The method comprises 

[0002] 

10 devices. 
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a) providing a patterned arrangement of an electrically conductive material; and 

b) applying one or more layers of an electrochromic material to the patterned 

arrangement, wherein at least a portion of the electrochromic material is in 

electrical contact with the electrically conductive material. 

- 5 [0007] In a second aspect, the invention refers to an electrochromic device prepared by a 

method according to the first aspect. 

[0008] In a third aspect, the invention refers to an electrochromic device comprising a 

patterned arrangement of an electrically conductive material in electrical contact with one or 

more layers of an electrochromic material. 

10 [0009] In a fourth aspect, the invention refers to an electrochromic ink composition 

comprising 

a) about 0.05 wt% to about 60 wt% of an electrochromic material; 

b) about 40 wt% to about 95 wt% of a liquid vehicle; 

c) about 0.01 wt% to about 20 wt% of a physicochemical modifier; and 

15 d) about 0.01 wt% to about 20 wt% of an additive; 

wherein respective wt% are calculated based on total weight of the composition and sum of 

the respective wt% is 100 wt%. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 [0010] - The invention will be better understood with reference to the detailed description 

when considered in conjunction with the non-limiting examples and the accompanying 

drawings, in which: 

[0011] FIG. 1 shows X-ray diffraction (XRD) pattern of synthesized WO3 nanopowder. 

Peaks are labeled according to the corresponding (hkl) planes. 

25 [0012] FIG. 2 is a graph showing distribution of WO3 particle size in inkjet ink 

formulation according to dynamic light scattering (volume distribution). 

[0013] FIG. 3 is a scanning electron microscopy (SEM) image of WO3 particles in inks. 

Numbers in the figure denote 58.80 nm and 42.04 nm respectively. Scale bar in the figure 

represents a .length of 500 nm. 

30 [0014] FIG. 4A to C show SEM images of Ag grids on PET with different magnifications, 

where FIG. 4B is a 30 x magnification of FIG. 4A, and FIG. 4C is a 200 x magnification of 
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FIG. 4B. Scale bar in FIG. 4A to C denotes a length of 200 fim, 10 jam, and 1 p.m, 

respectively. 

[0015] FIG. 5 is a graph showing sheet resistance (Q/d) and average transparency (%) in 

the spectral range of 350 nm to 900 nm as a function of metal loading in Ag dispersion used 

5 for grids fabrication. 

[0016] FIG. 6 shows transparency of silver grids fabricated with the use of 14 wt% 

dispersion of Ag nanoparticles (PET as a reference). Ohmmeter shows the sheet resistance of 

the grid during bending. 

[0017] FIG. 7 is a SEM image of Ag grid after 100 cycles of bending. Scale bar in the 

10 figure represents 200 (am. 

[0018] FIG. 8A and B show optical microscope images of Ag grids: (A) before, and (B) 

after WO3 patterning. FIG. 8C represents a part of printed WO3 track at low magnification. 

FIG. 8D and E show SEM images of the same grids: (D) before, and (E) after WO3 

patterning. Scales: FIG. 8A and 8B - in each square the distance between the lines is 100 (am. 

15 Scale bar in FIG. 8C to E denotes a length of 500 jam, 20 |am, and 20 |um, respectively. 

[0019] FIG. 9AandB show electrochromic cell with a transparent Ag grid electrode and 

Pt counter-electrode dipped into LiClCVPC electrolyte, where (A) printed image before 

applying electric field, and (B) printed pattern 15 sec after applying the negative potential. 

[0020] FIG. 10 is a graph showing transmittance of electrochromic films with 3 printed 

20 WO3 layers (5 wt% ink) as a function of applied potential of (i) 0.3 V, (ii) 0 V, (iii) -0.2 V, 

(iv) -0.4 V, (v) -0.6 V, (vi) -0.8 V, (vii) -1.0 V, and (viii) -1.2 V. 

[0021] FIG. 11 is a graph showing cycling measurements of electrochromic film at 633 

nm (3 printed layers of WO3 (5 %)). 

[0022] FIG. 12 is a graph showing contrast as a function of the number of printed WO3 

25 layers on PET substrate of 0.5 wt% ink and 5 wt% ink. 

[0023] FIG. 13 is a graph showing UV-visible light transmission spectra for 15 printed 

WO3 layers showing about 72% contrast at wavelength of 633 nm. 

[0024] FIG. 14 is a graph showing UV-visible light transmission spectra for one printed 

WO3 layer (750 dpi, 5 wt% WO3 ink) before and after bending for 10 times in the electrolyte. 

30 [0025] FIG. 15 is a graph showing UV-visible light transmission spectra for five printed 

WO3 layers (750 dpi, 5 wt% WO3 ink) at (i) 0 V, (ii) -0.2 V, (iii) -0.4 V, (iv) -0.6 V, (v) -0.8 

V, (vi) -1.0 V, and (vii) -1.2 V. 
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[0026] FIG. 16 shows photographs of an electrochromic cell with a transparent Ag grid 

electrode and Pt counter-electrode dipped into LiC104/PC electrolyte, where (A) printed 

image before applying electric field, and (B) printed pattern 15 sec after applying the 

negative potential, with expanded view of the self-assembled silver grid and inkjet printed 

5 WO3 ink on Ag grid. 

DETAILED DESCRIPTION 

[0027] It has been surprisingly found by the inventors that electrically conductive 

materials do not need to cover the entire surface occupied by an electrochromic material, to 

10 form electrochromic devices. Instead, the electrically conductive material may be present in a 

patterned arrangement, such as a grid arrangement of lines of the electrically conductive 

material, on the electrochromic material, with at least a portion of the electrically conductive 

material in electrical contact with the electrochromic material, to form an electrochromic 

device. The patterned arrangement of electrically conductive material may be used as a 

15 transparent electrode in electrochromic devices. Advantageously, methods disclosed herein 

allow use of electrically conductive materials which may not themselves be optically 

transparent, to form the transparent electrode. In so doing, materials for use as transparent 

electrodes are not limited to indium tin oxide based materials, as non-indium tin oxide 

materials such as carbon nanotubes, graphene, and metallic nanoparticles may be used instead. 

20 By avoiding use of indium tin oxide, problems associated with use of indium tin oxide as set 

out in the background section may be averted. In addition, by laying out the electrically 

conductive material in a patterned arrangement, this reduces costs of fabrication, especially in 

cases where expensive metals such as silver are used as the electrically conductive materials. 

Further, methods of manufacturing electrochromic devices disclosed herein may be carried 

25 out using low cost methods such as inkjet printing, self assembly and tailored screen printing, 

which allow large scale manufacturing to be carried out in a simple and efficient manner. 

[0028] It has also been surprisingly found by the inventors that an electrochromic ink 

composition having a formulation disclosed herein allows a higher loading of the 

electrochromic material in the electrochromic ink composition. Such an electrochromic ink 

30 composition may include an electrochromic material dispersed in a liquid reagent containing 

a glycol ether. Despite the higher loading of the electrochromic material, the electrochromic 

ink composition may have a viscosity that is suitable for inkjet printing. Advantageously, a 
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more compact layer of electrochromic material may be formed using the electrochromic ink 

composition disclosed herein, due to the higher loading of the electrochromic material, which 

in turn translates into a higher contrast. 

[0029] With the above in mind, the invention refers in a first aspect to a method of 

5 manufacturing an electrochromic device. As used herein, the term "electrochromic device" 

refers to a device containing a material or compound which changes color upon application of 

an electric potential. 

[0030] The method comprises providing a patterned arrangement of an electrically 

conductive material. Examples of electrically conductive material that may be used include, 

10 but are not limited to, a metal, an electrically conductive polymer, carbon nanotubes, 

graphene, reduced graphene oxide, and combinations thereof. 

[0031] In various embodiments, the electrically conductive material is free or essentially 

free of indium tin oxide. By not using indium tin oxide, problems associated with indium tin 

oxide, such as brittleness and high cost of indium tin oxide, may be avoided. 

15 [0032] The electrically conductive material may be an electrically conductive 

nanostructured material. As used herein, the term "nanostructured material" refers to a 

material having at least one dimension that is in the nanometer range. Examples of 

nanostructured material may include nanotubes, nanoflowers, nanowires, nanofibers, 

nanoflakes, nanoparticles, nanodiscs, nanosheets, and combinations thereof. 

20 [0033] At least one dimension of the electrically conductive nanostructured material may 

be less than 1000 nm. For example, the electrically conductive nanostructured material may 

have a size ranging from 1 nm to 1000 nm. As. the electrically conductive nanostructured 

material may not be regular in shape and/or be of the same shape, the term "size" as used 

herein refers to the maximal dimension of the electrically conductive nanostructured material 

25 in any direction. 

[0034] The electrically conductive nanostructured material comprises metallic 

nanomaterials, such as metallic nanoparticles. In various embodiments, the electrically 

conductive nanostructured material comprises or consists of metallic nanoparticles. In 

specific embodiments, the electrically conductive material comprises or consists of silver. For 

30 example, the electrically conductive material may comprise or consist of silver nanoparticles. 

[0035] In various embodiments, providing a patterned arrangement of an electrically 

conductive material comprises applying the electrically conductive material in a patterned 
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arrangement on a substrate using a method selected from the group consisting of self-

assembly, printing, electroless deposition, and combinations thereof Examples of printing 

include, but are not limited to, inkjet printing, gravure printing, subtractive printing, transfer 

printing, contact printing, and laser writing. 

5 [0036] The electrically conductive material may be dispersed or suspended.in a liquid to 

form a dispersion prior to its deposition as electrodes. In various embodiments, the 

electrically conductive material is present in the dispersion in an amount in the range of about 

10 wt% to about 30 wt% of the dispersion. For example, the electrically conductive material 

may be present in an amount in the range of about 10 wt% to about 25 wt%, about 10 wt% to 

10 about 20 wt%, about 10 wt% to about 15 wt%, about 12 wt% to about 30 wt%, about 12 wt% 

to about 16 wt%, or about 12 wt%, about 14 wt% or about 16 wt% of the dispersion. In 

various embodiments, the electrically conductive material is present in an amount of about 14 

wt% of the dispersion. 

[0037] In specific embodiments, providing a patterned arrangement of an electrically 

15 conductive material comprises applying a dispersion comprising the electrically conductive 

material to a template arranged on a substrate, and forming the patterned arrangement of the 

electrically conductive material on the substrate by self-assembly. 

[0038] For example, a patterned template may be positioned or arranged on a substrate. 

By dispensing or applying a dispersion comprising the electrically conductive material on the 

20 patterned template, the dispersion comprising the electrically conductive material may 

assume the pattern of the patterned template by self-assembly. In so doing, a patterned 

arrangement of the electrically conductive material may be obtained. 

[0039] In some embodiments, providing a patterned arrangement of an electrically 

conductive material may be carried out by contact printing. In such cases, the electrically 

25 conductive material may be applied on a template or a mold, with subsequent transfer of the 

electrically conductive material to a substrate by contacting the template or the mold with the 

substrate. 

[0040] In specific embodiments, providing a patterned arrangement of an electrically 

conductive material is carried out by inkjet printing. Advantageously, inkjet printing as a 

30 deposition methodology allows deposition of materials of pre-defined patterns at specific 

locations. It also allows patterning of electrochromic materials on large area flexible plastic 

substrates. Using inkjet printing, precise designs of patterned arrangement may be prepared 
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using one-step processing, and involving less expensive and more compact equipment as 

compared to expensive photolithography methods. Conditions of printing, such as 

temperature of the substrate and the printhead during printing, may also be controlled easily 

for printing of large and uniform areas. 

5 [0041] As used herein, the term "patterned arrangement" refers to configurations of the 

electrically conductive material, whereby the electrically conductive material may be placed 

in a regular array and/or in an irregular pattern. For example, a regular array of the 

electrically conductive material may refer to the electrically conductive material being 

arranged orderly or periodically, such as that of a grid arrangement exemplified in the 

10 examples, or in the form of electrically connected concentric circles. An irregular pattern of 

the electrically conductive material may refer to the electrically conductive material arranged 

in a non-uniform or random fashion, with respective components of the patterned 

arrangement being electrically connected. The term "electrically connected" refers to the 

components of the patterned arrangement being arranged such that electrons are able to flow 

15 between the electrically conductive material in the patterned arrangement. 

[0042] The patterned arrangement of the electrically conductive material may be arty 

suitable arrangement that is able to effect a change in color of an electrochromic material 

placed in electrical contact with the electrically conductive material. For example, the 

patterned arrangement of the electrically conductive material may comprise or consist of an 

20 orderly array of uniform squares, with the electrically conductive material forming lines that 

define the uniform squares. In various embodiments, the patterned arrangement comprises or 

consists of a-grid, honeycomb, or irregular cells arrangement. As mentioned above, it has 

been surprisingly found by the inventors that electrochromic devices may be obtained even 

by using patterned arrangement of electrically conductive material as transparent electrodes, 

25 in which the electrically conductive material is not present throughout the entire surface 

containing or occupied by the electrochromic material. Instead, the electrically conductive 

material may be present as thin lines on the electrochromic material, with at least a portion of 

the electrically conductive material in electrical contact with the electrochromic material. 

[0043] The patterned arrangement of an electrically conductive material may comprise 

30 lines of the electrically conductive material surrounding one or more of two-dimensional 

voids of various shapes. The term "two-dimensional voids" as used herein refer to spaces that 

are not occupied by the electrically conductive material. The electrically conductive material 
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may. form lines that define the various shapes. For example, the one or more of two-

dimensional voids of various shapes may be a regular shape such as a square, a rectangle, a 

circle, a triangle, an ellipse, or a polygon, or an irregular shape. 

[0044] In various embodiments, the patterned arrangement comprises or consists of a grid 

5 arrangement. The patterned arrangement may include lines of the electrically conductive 

material arranged to form a grid.pattern. The lines may have a width of 50 jam or less 

arranged to form a grid pattern. For example, the patterned arrangement may comprise lines 

of the electrically conductive material having a width of about 0.5 (am to about 50 jam, such 

as about 5 (am to about 50 jam, about 15 jam to about 50 (am, about 20 |am to about 50 (am, 

10 about 30 |am to about 50 (am, about 0.5 (am to about 40 |am, about 0.5 |am to about 30 (am, 

about 0.5 (am to about 15 (am, about 5 (am to about 20 (am, about 20 (am to about 40 jam, or 

about 15 jam to about 35 (am. In specific embodiments, the patterned arrangement comprises 

lines having a width of about 3 (am to about 4 (am, and therefore the resulting pattern is 

transparent. 

15 [0045] The patterned arrangement of electrically conductive material may be sufficiently 

thin so as not to affect transparency. In various embodiments, thickness of the electrically 

conductive material layer may be about 50 nm to about 200 nm, such as about 50 nm to about 

150 nm, about 50 nm to about 100 nm, or about 100 nm to about 200 nm. 

[0046] The method includes applying one or more layers of an electrochromic material to 

20 the patterned arrangement, wherein at least a portion of the electrochromic material is in 

electrical contact with the electrically conductive material. Applying one or more layers of an 

electrochromic material to the patterned arrangement may include applying one or more 

layers of an electrochromic material directly on the patterned arrangement. 

[0047] As mentioned above, the patterned arrangement of an electrically conductive 

25 material may function as transparent electrodes in an electrochromic device. The 

electrochromic material may be placed between two transparent electrodes formed from 

patterned arrangements of the electrically conductive material. By charging the electrodes, 

potential of the electrochomic device may be changed to effect a change in color of the 

electrochromic material. 

30 [0048] Examples of electrochromic materials include metal oxide films, molecular dyes, 

and conducting polymers. In various embodiments, the electrochromic material comprises or 

consists of an oxide of a metal selected from Group 3 to Group 12 of the Periodic System of 
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Elements. For example, the metal oxide may be an oxide of a transition metal. Examples of 

transition metal include, but are not limited to, scandium (Sc), titanium (Ti), vanadium (V), 

chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), 

and alloys thereof. 

5 [0049] In various embodiments, the electrochromic material is selected from the group 

consisting of WO3, NiO, V2O5, Ti02, M0O3, and combinations thereof. In some embodiments, 

the electrochromic material comprises or consists of a metal oxide selected from the group 

consisting of tungsten oxide, nickel oxide, and combinations thereof. 

[0050] In specific embodiments, the electrochromic material is tungsten oxide. The 

10 tungsten oxide may have formula (WO3). Advantageously, tungsten oxide is able to exhibit a 

fast response and high coloration efficiency, which renders its suitability for use as an 

electrochromic material. Further, its color changes from transparent or yellow to deep blue 

with a large optical modulation when it is reduced under cathodic polarization, to provide a 

large contrast. 

15 [0051] The electrochromic material may be an electrochromic nanostructured material. 

Examples of nanostructured material have already been discussed above. In various 

embodiments, the electrochromic nanostructured material comprises nanoparticles and/or 

nanorods. For example, the electrochromic nanostructured material may comprise or consist 

of tungsten oxide nanoparticles, tungsten oxide nanorods, nickel oxide nanoparticles, and/or 

20 nickel oxide nanorods. 

[0052] In various embodiments, size of the electrochromic nanostructured material is in 

the range of about 10 nm to about 200 nm. For example, size of the electrochromic 

nanostructured material may be, but not limited to, one that is in the range of about 30 nm to 

about 200 nm, about 60 nm to about 200 nm, about 90 nm to about 200 nm, about 40 nm to 

25 about 150 nm, about 40 nm to about 100 nm, about 60 nm to about 150 nm, about 60 nm to 

about 100 nm, about 80 nm to about 100 nm, or about 70 nm, about 80 nm, about 90 nm, or 

about 100 nm. Advantageously, the indicated size range of electrochromic nanostructured 

material renders the electrochromic nanostructured material suitable for use in an ink 

composition for inkjet printers, as typical nozzle diameter of inkjet printers are in the range of 

30 tens of micrometers. 

[0053] Size distribution of the electrochromic nanostructured material is not limited, and 

electrochromic nanostructured material having a wide particle size distribution or a narrow 
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particle size distribution may be used. In some embodiments, the electrochromic 

nanostructured material is essentially monodisperse, whereby the term "monodisperse" refers 

to the nanostructured material having at least substantially the same size. In specific 

embodiments, average size of the electrochromic nanostructured material is about 90 nm. 

[0054] The one or more layers of an electrochromic material may be a uniform film layer, 

or be in a second patterned arrangement. In various embodiments, applying one or more 

layers of an electrochromic material to the patterned arrangement comprises applying one or 

more layers of an electrochromic material in a second patterned arrangement to the patterned 

arrangement of an electrically conductive material. The second patterned arrangement of the 

electrochromic material may be the same as or different from the patterned arrangement of 

the electrically conductive material. For example, the second patterned arrangement of 

electrochromic material may be in the form of an image, one or more lines, one or more 

shapes, one or more letters, words, or a motif, to name only a few. 

[0055] The patterned arrangement of an electrically conductive material may overlap with 

about 5 % to about 50 % by area of the electrochromic material. In various embodiments, the 

patterned arrangement of an electrically conductive material overlaps with about 5 % to about 

90 % by area of the electrochromic material, such as about 5 % to about 20 %, about 5 % to 

about 15 %, about 5 % to about 10 %, about 10 % to about 40 %, about 15 % to about 40 %, 

about 20 % to about 40 %, about 15 % to about 30 %, about 10 % to about 30 %, or about 15 

% to about 35 % by area of the electrochromic material. In some embodiments, the patterned 

arrangement of an electrically conductive material overlaps with about 5 % to about 50 % by 

area of the electrochromic material. In specific embodiments, the patterned arrangement 

overlaps with about 5 % to about 15 % by area of the electrochromic material. 

[0056] Applying one or more layers of an electrochromic material may be carried out by a 

suitable thin film deposition method, such as inkjet printing, thermal evaporation, laser 

ablation, spray coating, dip coating, sputtering, chemical vapor deposition (CVD), metal-

organic deposition technique with the use of suitable tungsten-organic compounds, spray 

pyrolysis, electrodeposition, and sol-gel technique. 

[0057] In various embodiments, applying one or more layers of an electrochromic 

material to the patterned arrangement is carried out by inkjet printing. The inkjet printing 

may be carried out using an electrochromic ink composition comprising the electrochromic 

material. As mentioned above, inkjet printing as a deposition methodology allows deposition 
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of materials pre-defined patterns at specific locations. It involves less expensive equipment, 

thus rendering it a much cheaper alternative to expensive photolithography methods. 

Advantageously, using this methodology, a Red-Green-Blue (RGB) pixel cell electrochromic 

material deposition for electrochromic matrix display may be carried out. The technique may 

also be applied on both rigid and flexible substrates. In embodiments where one or more 

layers of an electrochromic material is applied in a second patterned arrangement, the second 

patterned arrangement may also be carried out by printing, such as inkjet printing. Examples 

of other printing methods have already been discussed above. 

[0058] In various embodiments, applying one or more layers of an electrochromic 

material on the patterned arrangement is repeated one or more times to form multilayers of 

the electrochromic material on the patterned arrangement. Number of layers formed may be 

tailored according to intended properties of the electrochromic device. For example, applying 

one or more layers of an electrochromic material on the patterned arrangement may be 

repeated one or more times to form 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, or more layers of 

the electrochromic material on the patterned arrangement. 

[0059] Applying one or more layers of an electrochromic material to the patterned 

arrangement may include providing one or more layers of an electrochromic material and 

applying the patterned arrangement of an electrically conductive material to the one or more 

layers of an electrochromic material. 

[0060] The patterned arrangement of an electrically conductive material or the one or 

more layers of an electrochromic material may be deposited on a substrate. The substrate may 

be a rigid substrate or a flexible substrate. In various embodiments, the substrate is a flexible 

substrate. In some embodiments, the substrate is selected from the group consisting of glass, 

polycarbonate, polyethylene terephthalate, polyethylene naphthalate, polyimide, 

polydimethylsiloxane, and combinations thereof. In specific embodiments, the substrate is 

polyethylene terephthalate. 

[0061] Before applying either of the electrically conductive material or the electrochromic 

material on the substrate, the substrate may be subjected to a pre-treatment, for example, 

using oxygen plasma or UV-light irradiation. The pre-treatment may include immersing the 

substrate into a wetting agent solution, such as BYK 348 and/or BYK 333, for a suitable time 

duration in the range of about five minutes to about ten minutes, prior to wiping dry with a 

cleanroom or polyester wipe, or blow dry. 
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[0062] Providing a patterned arrangement of an electrically conductive material may 

include further sintering of the conductive patterned arrangement, such as by heat treatment, 

photonic sintering and chemical sintering. Sintering may be carried out to form a continuous 

conductive pattern for electricity flow in the electrically conductive material, particularly in 

5 case the electrically conductive material comprises nanostructured materials. In various 

embodiments, providing a patterned arrangement of an electrically conductive material 

comprises chemically sintering the electrically conductive material in the patterned 

arrangement. Advantageously, by chemically sintering the patterned arrangement of the 

electrically conductive material, the electrically conductive material may coalesce to form a 

10 more compact layer of the electrically conductive material. This may in turn translate into 

improved stability to bending of the electrically conductive material. The chemical sintering 

may be carried out by contacting the electrically conductive material with an acid. In specific 

embodiments, the acid comprises or consists of hydrochloric acid. 

[0063] The invention refers in further aspects to an electrochromic device prepared by a 

15 method according to the first aspect, and to an electrochromic device comprising a patterned 

arrangement of an electrically conductive material in electrical contact with one or more 

layers of an electrochromic material. Examples of suitable electrically conductive material 

and electrochromic material have already been discussed above. 

[0064] Advantageously, it has been demonstrated herein in embodiments that electrically 

20 conductive material, such as silver nanoparticles, arranged in a grid arrangement on a 

polymeric substrate are able to be used in place of indium tin oxide as transparent electrodes 

in electrochromic devices. The obtained electrodes have demonstrated high transparency, 

such as 83 % in the spectral range of 400 nm to 800 nm, low sheet resistance in the range of 1 

to 5 Q/D, and high stability to multiple bending. Upon application of an electrochromic 

25 material onto the transparent electrode, the obtained flexible electrochromic films are able to 

maintain their coloring and bleaching performance during bending of the flexible films upon 

application of an alternating potential, to achieve a high contrast of 72 % at 633 nm. 

[0065] In various embodiments, the electrically conductive material comprises or consists 

of a metal, an electrically conductive polymer, carbon nanotubes, graphene, reduced 

30 graphene oxide, and combinations thereof. The electrically conductive material may be free 

or essentially free of indium tin oxide. 
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[0066] The electrically conductive material may be an electrically conductive 

nanostructured material. In specific embodiments, the electrically conductive nanostructured 

material comprises or consists of metallic nanoparticles. For example, the electrically 

conductive nanostructured material may comprise or consist of silver nanoparticles. 

5 [0067] The patterned arrangement of an electrically conductive material may directly 

contact the one or more layers of an electrochromic material. As mentioned above, the 

patterned arrangement of an electrically conductive material may be a regular and/or an 

irregular arrangement that is able to effect a change in color of an electrochromic material 

placed in contact with the electrically conductive material. The patterned arrangement may 

10 vary depending on the type of electrically conductive material used, so as to maintain 

transparency of the electrical conductive material in use, for example, as a transparent 

electrode in an electrochromic device. As mentioned above, transparent electrodes having a 

high transparency of 83 % in the spectral range of 400 nm to 800 nm have been obtained 

using a grid arrangement of silver nanoparticles having line width of 3 jam to 4 |j.m. 

15 [0068] The patterned arrangement of electrically conductive material may be an ordered 

array of the electrically conductive material. The patterned arrangement of an electrically 

conductive material may include lines of the electrically conductive material surrounding one 

or more of two-dimensional voids of various shapes. In various embodiments, the patterned 

arrangement of electrically conductive material comprises or consists of a grid arrangement. 

20 The patterned arrangement may include lines of the electrically conductive material arranged 

to form a grid pattern. The lines may have a width of 50 jim or less arranged to form a grid 

pattern. In specific embodiments, the patterned arrangement comprises lines of the 

electrically conductive material having a width of about 3 jam to about 4 jim, and therefore 

the resulting pattern is transparent. 

25 [0069] As the electrically conductive material is present in the form of a patterned 

arrangement in electrical contact with the one or more layers of electrochromic material, the 

electrically conductive material does not overlap fully with the electrochromic material. As 

mentioned above, this reduces costs of fabrication, especially in case where expensive metals 

such as silver are used as the electrically conductive materials. 

30 [0070] In addition to the electrically conductive material being present as a patterned 

arrangement in the electrochromic device, the one or more layers of an electrochromic 

material may be in a second patterned arrangement in the electrochromic device. The second 
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patterned arrangement of the electrochromic material may be the same as or different from 

the patterned arrangement of the electrically conductive material. Examples of patterned 

arrangements of the electrochromic material have already been discussed above. 

[0071] In various embodiments, the patterned arrangement of an electrically conductive 

5 material overlaps with about 5 % to about 90 % by area of the electrochromic material. In 

some embodiments, the patterned arrangement of an electrically conductive material overlaps 

with about 5 % to about 50 % by area of the electrochromic material. In specific 

embodiments, the patterned arrangement overlaps with about 5 % to about 15 % by area of 

the electrochromic material. 

10 [0072] The patterned arrangement of an electrically conductive material or the one or 

more layers of an electrochromic material may be deposited on a substrate. Examples of 

suitable substrates have already been mentioned above. 

[0073] Apart from the electrically conductive material, the electrochromic material and/or 

the substrate, the electrochromic device may include an electrolyte layer. Suitable electrolytes 

15 include an aqueous electrolyte, a polymer gel electrolyte, a semi-solid electrolyte, or a dry 

solid electrolyte that is compatible with the substrate and electrochromic material layer. 

[0074] The polymer gel electrolyte may contain a polymer matrix such as, but not limited 

to, poly(methyl. methacrylate), polyvinyl butyral, polyvinyl alcohol, a fluoropolymer, 

polyethylene oxide, and combinations thereof. 

20 [0075] A lithium salt may be comprised in the electrolyte of the electrochromic device, 

and may be selected from the group consisting of LiC104, LiBr, Lil, LiCl, LiSCN, LiCFsSOj, 

LiBF4, LiAsFe, and combinations thereof Other non Li based electrolytes, for example gel 

electrolytes such as methacrylate based gel polymer electrolytes, may also be used. 

[0076] Solvents such as, but not limited to, ethylene carbonate, propylene carbonate, 

25 dimethyl formamide, diethyle phthalate, diethyl carbonate and plasticizer solvents, may be 

included in the electrolyte. 

[0077] In a further aspect, an electrochromic ink composition is provided. As used herein, 

the term "electrochromic ink composition" refers to a liquid comprising a material or 

compound which changes color upon application of an electric potential. 

30 [0078] The electrochromic ink composition comprises about 0.05 wt% to about 60 wt% of 

an electrochromic material; about 40 wt% to about 95 wt% of a liquid vehicle; about 0.01 

wt% to about 20 wt% of a physicochemical modifier; and about 0.01 wt% to about 20 wt% of 
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an additive; wherein respective wt% are calculated based on total weight of the composition 

and sum of the respective wt% is 100 wt%. Suitable electrochromic materials that may be 

used have already been discussed above. 

[0079] The electrochromic ink composition comprises about 0.05 wt% to about 60 wt% of 

5 an electrochromic material. For example, the electrochromic ink composition may contain 

about 0.05 wt% to about 40 wt%, about 0.05 wt% to about 30 wt%, about 0.05 wt% to about 

20 wt%, about 0.05 wt% to about 5 wt%, about 10 wt% to about 60 wt%, about 20 wt% to 

about 60 wt%, about 30 wt% to about 60 wt%, about 40 wt% to about 60 wt%, about 10 wt% 

to about 20 wt%, about 1 wt% to about 5 wt%, or about 3 wt% to about 8 wt% of an 

10 electrochromic material. 

[0080] In various embodiments, the electrochromic material is selected from the group 

consisting of WO3, NiO, V2O5, TiC>2, M0O3, and combinations thereof. 

[0081] In some embodiments, the electrochromic material is an electrochromic 

nanostructured material. For example, the electrochromic nanostructured material may 

15 include nanoparticles and/or nanorods, such as tungsten oxide nanoparticles, tungsten oxide 

nanorods, nickel oxide nanoparticles, and/or nickel oxide nanorods. Size of the 

electrochromic nanostructured material may be in the range of about 40 nm to about 200 nm. 

As mentioned above, the indicated size range of electrochromic nanostructured material 

renders the electrochromic nanostructured material suitable for use in an ink composition for 

20 inkjet printers. In various embodiments, the electrochromic ink composition is adapted for 

inkjet printing. 

[0082] The electrochromic material may be dissolved in the liquid vehicle to form a 

solution or be suspended therein to form a dispersion. The liquid vehicle constitutes about 40 

wt% to about 95 wt% of the electrochromic ink composition, such as about 50 wt% to about 

25 95 wt%, about 60 wt% to about 95 wt%, about 70 wt% to about 95 wt%, about 40 wt% to 

about 85 wt%, about 40 wt% to about 75 wt%, about 40 wt% to about 60 wt%, about 50 wt% 

to about 80 wt%, or about 50 wt% to about 75 wt%. 

[0083] The liquid vehicle may be an aqueous solution such as water, or an organic solvent, 

such as diethylene glycol n-butyl ether and their combination thereof. In various 

30 embodiments, the liquid vehicle comprises a glycol ether. A more compact layer of 

electrochromic material may be formed using the electrochromic ink composition disclosed 
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herein, due to the higher loading of the electrochromic material, which in turn translates into 

a higher contrast. 

[0084] The liquid vehicle may be selected from the group consisting of ethylene glycol, 

diethylene glycol, diethylene glycol n-butyl ether, diethylene glycol n-butyl ether acetate, 

5 diethylene glycol ethyl ether, diethylene glycol ethyl ether acetate, diethylene glycol methyl 

ether, dipropylene glycol butyl ether, dipropylene glycol methyl ether, dipropylene glycol 

methyl ether acetate, ethylene glycol dibutyrate, and combinations thereof. 

[0085] Apart from glycol ether, the liquid vehicle may further contain an aqueous solution 

such as water, and/or an alcohol. For example, the liquid vehicle may further comprise a 

10 liquid selected from the group consisting of an aqueous solution, water, ethanol, isopropyl . 

alcohol, ethylene glycol, propylene glycol, n methyl pyrrolidone, terpinol, dipropylene glycol 

methyl ether (DPM), dipropylene glycol methyl ether acetate (DPMA), and combinations 

thereof. 

[0086] In some embodiments, the liquid vehicle is a mixture of water and diethylene 

15 glycol n-butyl ether. Water and diethylene glycol n-butyl ether may be present in any suitable 

amount depending on the components in the electrochromic ink composition and specific 

viscosity requirements of the electrochromic ink composition, for example. In specific 

embodiments, ratio of water to diethylene glycol n-butyl ether in the liquid vehicle is about 

1:1, by weight. 

20 [0087] In addition to the electrochromic material and the liquid vehicle, the 

electrochromic ink composition comprises about 0.01 wt% to about 20 wt% of a 

physicochemical modifier. As used herein, the term "physicochemical modifier" refers to a 

compound that is used to change or affect physical, structural and/or chemical property of a 

material. Examples of a physicochemical modifier include a surfactant, a polymer, a co-

25 solvent, a viscosity modifier, a surface tension modifier, or an evaporation rate control agent. 

One or more of the aforementioned physicochemical modifiers may be used to affect physical, 

structural, and/or chemical property of the electrochromic ink composition. 

[0088] For large area printing, the electrochromic ink composition may be formulated to 

have suitable physicochemical properties, such that it is suitable for use in printing and 

30 coatings equipments, for example. Physicochemical properties that may be controlled include, 

but are not limited to, surface tension, viscosity and evaporation rate. In applications which 

involve use of an inkjet printer for example, controlling of the physicochemical properties is 
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important to enable jetting or dispensing of the ink out from print-head nozzles, while at the 

same time, provide a uniform printed pattern on the substrate. 

[0089] In various embodiments, the physicochemical modifier comprises a viscosity 

modifier. The viscosity modifier may be used to affect or change flowability of the 

electrochromic ink composition. In specific embodiments, the viscosity modifier is selected 

from the group consisting liquids or polymers, such as ethylene glycol, ethanol, polyethylene 

glycol, polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA), polyvinylbutyral (PVB), 

polyvynil alcohol, polyvinyl acetate (EVA), terpinol, Dowanol PPH, propylene glycol momo 

methyl ether acetate, and combinations thereof. 

[0090] In some embodiments, the physicochemical modifier comprises a surface tension 

modifier. The surface tension modifier may be added to affect or change printing 

performance and wetting behavior of the electrochromic ink composition. In specific 

embodiments, the surface tension modifier is selected from the group consisting of Tegowet, 

triton XI00, BYK 348, BYK 333, BYK 349, and combinations thereof. Other surface tension 

modifiers may be used as well. In addition to or apart from use of a surface tension modifier, 

surface tension of the electrochromic ink composition may also be modified or controlled by 

choice of liquid vehicle comprised in the electrochromic ink composition. 

[0091] The electrochromic ink composition also contains about 0.01 wt% to about 20 wt% 

of an additive. The additive may be selected from the group consisting of a binder (such as 

polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA), polyvinylbutyral (PVB), or polyvinyl 

acetate (EVA), a pH control agent (such as an acid, a base, or a buffer solution), an 

antimicrobial agent (such as propyl paraben), and combinations thereof. 

[0092] As mentioned above, the electrochromic ink composition comprises about 0.05 

wt% to about 60 wt% of an electrochromic material. In various embodiments, the 

electrochromic material is present in an amount of at least 5 wt% of the electrochromic ink 

composition. Advantageously, the electrochromic ink composition disclosed herein is able to 

contain a higher amount of electrochromic material due to proper formulation of components 

in the liquid vehicle. This may result in formation of more compact layers of electrochromic 

material, translating in higher contrast values of electrochromic devices. 

[0093] The electrochromic ink composition and electrochromic device disclosed herein 

may be used in displays, smart windows, and mirrors. By applying an electric field with 

polarization to the patterned arrangement of an electrically conductive material, color of the 
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one or more layers of electrochromic material may be varied. For example, when the 

electrochromic material is tungsten oxide, applying of an electric field with negative 

polarization to the patterned arrangement of an electrically conductive material may change 

the color of the electrochromic device from transparent to deep blue. Other colors may also 

5 be obtained, depending on the active electrochromic materials used. The colors may be 

continuous such as that used in smart windows, or patterned such as used in displays. 

[0094] Hereinafter, the present invention will be described more fully with reference to 

the accompanying drawings, in which exemplary embodiments of the invention are shown. 

This invention may, however, be embodied in many different forms and should not be 

10 construed as limited to the exemplary embodiments set forth herein. Rather, these 

embodiments are provided so that this disclosure will be thorough and complete, and will 

fully convey the scope of the invention to those skilled in the art. In the drawings, lengths and 

sizes of layers and regions may be exaggerated for clarity. 

[0095] As used herein, the term "and/or" includes any and all combinations of one or more 

15 of the associated listed items. The terminology used herein is for the purpose of describing 

particular embodiments only and is not intended to be limiting of the invention. As used 

herein, the singular forms "a", "an" and "the" are intended to include the plural forms as well, 

unless the context clearly indicates otherwise. It will be further understood that the terms 

"comprises" and/or "comprising," when used in this specification, specify the presence of 

20 stated features, integers, steps, operations, elements, and/or components, but do not preclude 

the presence or addition of one or more other features, integers, steps, operations, elements, 

components, and/or groups thereof. 

[0096] The invention illustratively described herein may suitably be practiced in the 

absence of any element or elements, limitation or limitations, not specifically disclosed 

25 herein. Thus, for example, the terms "comprising", "including", "containing", etc. shall be 

read expansively and without limitation. Additionally, the terms and expressions employed 

herein have been used as terms of description and not of limitation, and there is no intention 

in the use of such terms and expressions of excluding any equivalents of the features shown 

and described or portions thereof, but it is recognized that various modifications are possible 

30 within the scope of the invention claimed. Thus, it should be understood that although the 

present invention has been specifically disclosed by preferred embodiments and optional 

features, modification and variation of the inventions embodied therein herein disclosed may 
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be resorted to by those skilled in the art, and that such modifications and variations are 

considered to be within the scope of this invention. 

[0097] The invention has been described broadly and generically herein. Each of the 

narrower species and subgeneric groupings falling within the generic disclosure also form 

5 part of the invention. This includes the generic description of the invention with a proviso or 

negative limitation removing any subject matter from the genus, regardless of whether or not 

the excised material is specifically recited herein. 

[0098] Other embodiments are within the following claims and non- limiting examples. In 

addition, where features or aspects of the invention are described in terms of Markush groups, 

10 those skilled in the art will recognize that the invention is also thereby described in terms of 

any individual member or subgroup of members of the Markush group. 

EXPERIMENTAL SECTION 

[0099] The following describes as non-limiting examples, one of the approaches to 

15 fabricate the electrochromic (EC) films and devices, which is based on inkjet printing 

dispersions of tungsten oxide (WO3) nanoparticles, onto transparent electrodes made by self 

assembly of silver (Ag) nanoparticles into transparent grids. 

[00100] As demonstrated herein, a method for the fabrication of electrochromic films 

according to an embodiment is presented. The method comprises inkjet printing of a 

20 dispersion of WO3 nanoparticles onto transparent, flexible metal grid electrodes formed by 

metallic nanoparticles. The metal grid electrodes comprising metallic nanoparticles are self-

assembled, and sintered into periodic uniform squares on a plastic substrate or PET. The 

transparent, flexible metal grid electrodes comprise a non-ITO electrical conducting material. 

[00101] It was surprisingly found that electrochromic devices may be obtained even by 

25 using transparent electrodes, in which the conductive material is not present throughout the 

whole surface, but is present as thin lines which surround 2D voids or empty cells (i.e. the 

voids or the cells do not contain a conductive material) without electrically conductive 

materials, while bringing good EC performance which is suitable for industrial applications. 

This finding enables low cost fabrication of large area of both rigid and flexible EC devices, 

30 including patterning of the EC materials. As disclosed herein, the metallic conductive 

structures may have a transparency above 70 % and a sheet resistance below 600 ohms per 

square. 



WO 2015/038067 PCT/SG2014/000426 

20 

[00102] Example 1: Materials and Methods 

[00103] Example 1.1: Reagents 

[00104] All reagents were of analytical grade, and were used without additional 

purification. 

5 [00105] Example 1.2: WCh ink preparation and printing 

[00106] Tungsten oxide nanoparticles were synthesized by a sol-gel method. Generally, 

metallic tungsten was added to hydrogen peroxide (6.8% (w/w) of metallic tungsten in 

hydrogen peroxide) and allowed to react for about 3 min until a clear transparent colorless 

solution was formed. This solution was heated at 100 °C under stirring in a closed vessel, 

10 until a yellow solution is obtained after 2 h. 

[00107] The final product (pale yellow dispersion) was lyophilized. The yellow powder 

obtained was used for ink formulation. Stable inks with WO3 concentration of 0.5 wt% and 5 

wt% were obtained by vigorous stirring of the lyophilized WO3 powder in 1:1 mixture of 

water and diethylene glycol n-butyl ether (DOWANOL DB) without sonication, and with 

15 heating, filtration, and addition of dispersing agents. 

[00108] A non-limiting example of WO3 inkjet ink for large area printing EC device is 

provided in TABLE 1: 

[00109] TABLE 1: Example of WO3 inkjet ink 

Materials Amount (weight %) Remarks 

WO3 Nanoparticles 10% Base EC material 

Ethylene Glycol 20% Liquid vehicle and 

viscosity modifier 

Diluted BYK 348 & 

333 

(10 wt.% solution in 

triple distilled water) 

70 % Liquid vehicle Surface 

tension modifier 

20 [00110] X-ray diffraction (XRD) measurements of the powder were made on a powder X-

ray diffractometer D8 Advance of Bruker AXS, 
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[00111] Surface tension of inks was determined by pendant drop technique using FTA100 

tensiometer of First Ten Angstroms, and viscosity was determined using Brookfield DV-II+ 

viscometer. 

[00112] Size distribution of WO3 particles in inks was measured on a Zetasizer Nano-ZS of 

5 Malvern Instruments). 

[00113] Printing was performed by an OmniJet 100 printer (Unijet, Korea) with 30 pL 

piezoelectric printhead (Samsung, Korea). The number of printed layers varied from 1 to 10. 

[00114] Printing the formulated WO3 inks on flexible substrates, such as polyethylene 

terphthalate (PET), polyethylene naphthalate (PEN), polyimide, and PDMS, are suitable to 

10 fabricate flexible electrochromic (EC) devices. 

[00115] Example 1.3: Fabrication of transparent silver grids 

[00116] Dispersions of silver (Ag) nanoparticles (42 wt %) with an average size of 14 ± 3 

nm and a zeta potential of -42 mV stabilized by polyacrylic acid sodium salt (MW 8 kD), 

were synthesized. 

15 [00117] In general, silver nanoparticles were prepared by chemical reduction of silver ions, 

in presence of a suitable dispersing agent, such as that described in WO 2006072959. 

[00118] Transparent silver grids were fabricated by placing droplets, which range in 

volume from 10 |aL to 200 jaL and contain a 2 wt% to 20 wt% dispersion of silver NP, on top 

of a screen printing mesh. The mesh was placed on top of the substrate (plastic or glass, rigid 

20 or flexible). Prior to this, the mesh and substrate were properly hydrophilized, which may be 

carried out by chemical treatment or by physical treatment such as plasma. Once the droplet 

reached the mesh, it immediately wet the surface, and filled the gap between the mesh and the 

substrate. During evaporation of the solvent (typically water but may also be obtained with 

organic solvents), the particles rearranged according to the wires of the mesh, with a line 

25 width of about 10 % of the line width of the wires of the mesh. Stainless steel mesh with 

openings of 40 |um and mesh diameter of 16 fim (Micron, Germany) was used in the study. 

[00119] Chemical sintering of the grids was performed at room temperature by exposing 

the poly(ethylene terephthalate) (PET) with deposited Ag grid pattern to hydrochloric acid 

(HC1) vapors for 10 seconds. Sheet resistance of silver grids was measured by a four-pin 

30 probe surface resistivity meter (Cascade Microtech Inc). 

[00120] Even though silver nanoparticles that were self-assembled in grid form are 

disclosed herein, the base transparent conducting electrode (TCE) is not limited to this and 
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may include other non-ITO TCEs, such as assembled silver nanoparticles in thin lines 

surrounding 2D voids ("cells") in various shapes, silver-rings, carbon nanotubes networks, 

graphene/reduced graphene oxides on glass/PET substrates, hybrid TCE such as grid coated 

with PEDOT:PSS, CNT continuous film, and grid. Furthermore, the grids may vary in the 

5 "open area" dimensions from 5 % to 90 %, depending on the transparency and sheet 

resistance that is required. The term "conductive grid" as used herein includes all structures 

which are composed of voids surrounded by thin lines on the conductive materials. 

[00121] Example 1.4: Characterization of silver grids 

[00122] Morphology of silver grids before and after WO3 printing was examined using a 

10 scanning electron microscope (Tecnai F20, FEI Company). 

[00123] For flexibility tests, Ag electrodes were cut into two rectangular pieces with length 

of 5 cm and width of 1 cm. Tests were performed using Instron Tester 5567. Load cell with 

500 N was used. During the flexibility test, Ag electrode was subjected to 30 % of 

compression for 50 cycles at rate of 10 %/sec. 

15 [00124] Example 1.5: Electrochromic tests 

[00125] Electrochromic tests were performed in a three-electrode compartment, with the 

test sample connected as working electrode, a Ag wire as a reference electrode, and a Pt wire 

as a counter electrode. All the three electrodes were placed in a glass cuvette. Electric 

potential of the sample was controlled by potentiostat (Solartron 1470E, UK). 

20 [00126] Transmittance of the films was measured with a UV-Vis-NIR spectrophotometer 

UV-3600 (Shimadzu, Japan). 

[00127] Cyclic coloring-bleaching test was carried out by applying -0.9 V (vs. Ag) for 

coloring and 0.3 V (vs. Ag) for bleaching. Each coloring or bleaching segment was 120 sec. 

The electrolyte was 1 M LiC104 in propylene carbonate (PC). The test was performed at 

25 room temperature (about 25 °C). 

[00128] Transparency measurements were performed by placing the electrochromic film 

(strips 1 cm width) with attached electrode in a quartz cuvette containing the same electrolyte 

of 1 M LiC104 in propylene carbonate (PC) and counter electrode (Pt wire). 

[00129] Bending tests were performed as follows. Sample with WO3 (5 wt%) printed onto 

30 Ag grid was bended to 180° angle, 100 times inside a glass vial filled with LiClC>4 electrolyte. 

Bleaching-coloring cycles were performed while applying -0.9 V or -1.2 V for coloration and 

+0.3 V for bleaching. 
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[00130] Example 2: Results and Discussion 

[00131] Example 2.1: WCh inks 

[00132] FIG. 1 shows X-ray diffraction (XRD) spectra of the synthesized WO3 

nanoparticles with its peaks labeled according to the corresponding (hkl) planes. 

5 [00133] According to the XRD pattern shown in FIG. 1, the lyophilized WO3 nanopowder, 

which was synthesized by sol-gel method, was characterized by peaks consistent with a 

mixture of orthorhombic W03*0.33H20 (89.2 %, PDF number 01-072-0199) and W03*H20 

(10.8 %, PDF number 04-011-6930) with Scherrer crystallite sizes 15.32 and 9.39 nm, 

respectively. 

10 [00134] This powder was used for ink preparation without any additional treatment. The 

powder was dispersed in 1:1 (wt/wt) mixture of water and diethylenglycol n-butyl ether at 

concentrations 0.5 wt% or 5 wt% by vortex stirring for 1 minute. Even at a concentration of 5 

wt%, the ink was stable at ambient conditions for several months without particles 

aggregation and sedimentation, and also displayed good printability. 

15 [00135] According to dynamic light scattering measurements, average size (by volume 

distribution) of the W03 particles in the ink formulations was about 90 nm (FIG. 2). This 

data correlated well with the SEM results: size of WO3 particles in ink is in the range of 40 

nm to about 170 nm (FIG. 3). The much larger size compared to nanopowder crystallites, 

indicates that the WO3 particles in the ink are polycrystalline aggregates of the original 

20 primary nanoparticles. It should be noted that this range of particles size is suitable for inkjet 

printers, in which the typical nozzle diameter is in the range of tens of micrometers. 

[00136] Important parameters for optimal inkjet printing performance are the ink viscosity 

and surface tension. While using printers with drop-on-demand printheads, viscosity should 

be in the range of 3 cP to 15 cP, and surface tension in the range of 25 mN/m to 35 mN/m. 

25 These parameters were measured for inks with WO3 content of 0.5 wt% and 5 wt%. Viscosity 

was determined to be 5.2 cP and 6.5 cP, respectively, while surface tension was determined 

to be 31 mN/m and 32 mN/m, respectively. Both viscosity and surface tension values indicate 

that the WO3 inks are well suitable for inkjet printing. 

[00137] Example 2.2: Silver grids 

30 [00138] A major component of flexible electrochromic devices is the working electrode. 

Presently, transparent electrodes based on indium tin oxide (ITO) are mainly used. Main 
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disadvantages of such electrodes are their rigidity, complexity and high cost of the 

manufacturing process. 

[00139] In the present work, transparent flexible electrodes composed of silver grids, 

which were formed by self-assembled silver nanoparticles on a plastic substrate, PET, and 

5 sintered at room temperature were demonstrated for the first time. 

[00140] As seen in the SEM images, the fabricated grids consist of fairly uniform squares, 

with a side length of 75 fim (FIG. 4A) and track width of 3 /zm to 4 /xm (FIG. 4B) formed by 

tightly packed and welded silver nanoparticles. 

[00141] Resistivity and transparency constitute the most important characteristics of grids 

10 for use as transparent electrodes. These parameters were optimized as discussed below. 

[00142] For preparation of silver grids, dispersions of silver nanoparticles with various 

metal loadings were used. As seen in FIG. 5, sheet resistance of the grids fell by about 5 

orders of magnitude from 100000 Q/D to a range of about 1 £2/D to 5 Q/D, when metal 

loading in silver dispersion was increased from 10 % to 14 %. With further increase in the 

15 metal loading, the sheet resistance then decreased gradually. 

[00143] It was postulated that metal loading in the silver dispersion used for the grids 

fabrication would result in an increase in substrate coverage, and consequently a decrease in 

transparency. Indeed, a gradual decrease in transparency of the grids in the visible spectra 

range from about 85 % to about 55 % with an increase in metal loading from 10 wt% to 30 

20 wt% was observed (FIG. 5). 

[00144] Optimal correlation between transparency and conductivity was found for grids 

prepared with dispersions containing 14 % silver. This dispersion allowed fabrication of 

transparent grid electrodes using only a small amount of high cost silver. The electrodes 

obtained were used for further electrochromic coatings. 

25 [00145] As seen in FIG. 6, such electrodes may be characterized by a fairly uniform 

transmittance (82 ± 3 %) in the spectra range of 350 nm to 900 nm (PET as a reference), and 

low sheet resistance (typically 1 Q/D to 5 £}/•). For comparison, commercially available 

ITO-based flexible electrodes have higher sheet resistance, in the range of 15 to 100-200 Q./ 

• , at transparency of about 80 %. 

30 [00146] An important feature of the electrode is also the stable conductivity under repeated 

bending. The inherent brittleness of ITO films severely limits their application. For example, 
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sheet resistance of ITO films deposited on PET was found to increase 500 times upon 13 

bending cycles. -

[00147] A comparison was made with the silver grid electrodes disclosed herein. It was 

found that the silver grid electrodes were very stable under bending. For example, 50 and 100 

5 cycles of bending resulted only in a slight increase in resistance from 6 Q/D to 9 Q/D, and 

from 2 Q/D to 5 Q/D, respectively. 

[00148] As shown in FIG. 7, 100 cycles of bending did not cause visible changes in the 

grid morphology. The high stability to bending may have resulted from chemical sintering 

carried out during grid fabrication, which caused the silver particles to coalesce, and at the 

10 same time, induced porosity within the grid lines. 

[00149] Example 2.3: Electrochromic tests 

[00150] For evaluation of electrochromic performance, 5 wt% WO3 ink was printed onto 

the silver grid plastic electrode. As may be seen from the optical (FIG. 8A and 8B) and SEM 

images (FIG. 8D, 8E and 8C), after printing the WO3 ink, the electrode retains its original 

15 structure. 

[00151] In general, it was found that combining the silver grid with inkjet printing of WO3 

nanoparticles enabled fabrication of electrochromic films with controllable contrast value. 

FIG. 9 shows results of qualitative electrochromic test with use of silver grid as a transparent 

working electrode, on which five layers of concentrated WO3 inks (5 wt%), were printed, and 

20 using Pt wire as a counter-electrode. These electrodes were dipped into LiC104/PC electrolyte. 

After a negative potential was applied to the working electrode, immediate coloration was 

observed, which gave deep and uniform blue patterning after about 15 sec. 

[00152] The same effect was observed using Ag grid on PET instead of Pt wire as a 

counter-electrode. Switching off the electric field led to a slow decoloration, with return of 

25 weak yellow color of the printed pattern after about 20 minutes. An important result is that 

decoloration was also achieved by changing polarization of silver grid electrodes (at least for 

10 cycles). 

[00153] To evaluate performance of the electrochromic films, the transmittance spectra, 

cycling efficiency, and contrast as a function of thickness of the electrochromic layer were 

30 measured. 

[00154] The transmittance spectra of the electrochromic films were measured with respect 

to the applied potential (FIG. 10). From these results, it is clear that the contrast gradually 
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increased as the applied potential went negative. The highest contrast (about 60 %) was 

observed with an applied potential value of -1.2 V. 

[00155] FIG. 11 shows cycling transmission measurements of an electrochromic device at 

633 nm and applied voltage -1.2/+1.2 V. As may be seen from the figure, first cycles were 

5 characterized by contrast of about 50 % with slow decrease after 8 cycles. Coloration 

efficiency, which is defined as the change in optical density per unit of inserted charge, was 

found to be 26.19 C"1 for 3 printed layers of 5 % WO3. 

[00156] Thickness of the electrochromic film was increased by increasing number of 

printed WO3 layers. The transmittance at 623 nm was measured before and after coloration 

10 caused by applying potential of -1.2 V (vs. Ag). 

[00157] As shown in FIG. 12, increasing the number of printed WO3 layers resulted in a 

gradual increase in film contrast. The contrast achieved with the use of 5 wt% WO3 is much 

higher compared to that with 0.5 wt% dispersion, with values of 63 % and 25 %, respectively, 

for 10 printed layers. The contrast obtained for 15 layers printed with use of 5 wt% ink was 

15 found to be even higher at about 72 %. 

[00158] It is noted that the 10 % difference in contrast for 3 printed layers, as follows from 

FIG. 10 (63%) and FIG. 11 and 12 (about 50%) may be explained by bleaching that was 

performed prior to the analysis while measuring cycling and contrast as a function of number 

of printed layers. 

20 [00159] FIG. 14 shows an example of transmittance spectra that is measured for samples 

tested before and after bending for 10 times in LiClC>4 in PC electrolyte is shown in FIG. 6. It 

can be observed that there is minimal degradation occurred before and after bending across 

all wavelength from 350 nm to 900 nm. 

[00160] The desired transmittance may be tuned by controlling resolution of the printed 

25 material (dpi), as well as the number of printed layers of the EC-active material onto the 

TCE. In the UV-Visible light transmission spectra shown in FIG. 15, it can be observed that 

having a transmission spectra less than 1% is possible with 5 printed layers at 750 dpi with 5 

wt% WO3 ink at 633 nm wavelength. 

[00161] Example 2.4: Viscosity measurement 

30 [00162] DOWANOL DB is used to tune viscosity of the WO3 ink to make it suitable for 

inkjet printing. Using water and DOWANOL DB, a much higher wt% of WO3, which in this 

case is 5 wt%, may be loaded in the ink, yet the viscosity of the 5 wt% W03 ink increases 
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substantially.-Hence, an unexpected result of higher loading of WO3 in the ink at a viscosity 

suitable for inkjet printing is obtained. Moreover, a more compact WO3 nanoparticle film is 

also obtained and this leads to a higher contrast. DOWANOL DB also prevents the fast 

drying of printed WO3 nanoparticle film, which then facilitates certain degree of binding 

5 interactions such that additional printed film layers may be formed on the initial printed film 

layer. 

[00163] For comparison purposes, TABLE 2 summarizes viscosity (cP) values of various 

solvents and WO3 ink compositions. 

[00164] TABLE 2: Viscosity measurement of various WO3 ink combinations. 

Solvent Viscosity (cP) 

5 wt. % WO3 in DI Water 1.51 

5 wt. % WO3 in DI Water + Ethanol (1:1) 3.81 

5 wt. % W03 in DI Water + IP A (1:1) 8.50 

5 wt. % W03 in DI Water + Dowanol DB (1:1) 17.22 

10. 

[00165] As demonstrated herein, patterned electrochromic (EC) devices including flexible 

films were obtained by combining self assembly and inkjet printing. Concentrated dispersions 

of active EC material such as W03 nanoparticles were inkjet printed on non-ITO transparent 

electrodes, which are composed of nanomaterials. 

15 [00166] In case of grid patterns, the nanomaterials were composed of silver nanoparticles 

which self-assemble into uniform squares with line width of 3 fxm to 4 /an. This metal grid, 

which was used for the first time in electrochromic applications, may be characterized by 

high transparency of about 80 % to 90 % in the spectral range of 400 nm to 800 nm, and have 

a low sheet resistance of below 100 Q/D, and is stable to multiple bending if printed on 

20 flexible substrate. 

[00167] The printed patterned and nanostructured electrochromic films maintain their 

coloring and bleaching performance during bending of the flexible films, upon applying 

alternating potential. A high contrast of 72 % at 633 nm was achieved. 

[00168] Various embodiments describe a new method of making electrochromic devices by 

25 combining printing and non-ITO transparent conductors, and the resulting electrochromic 
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devices that may be used in various applications such as smart windows and displays. The 

non-ITO transparent conductor is made of conductive material arranged in patterned features 

that have a surface coverage below 15 %. The EC devices may be made by printing on rigid 

substrates such as glass and polycarbonate, or on flexible substrates such as, but not limited 

5 to, polyethylene terephthalate (PET), polyethylene naphthalate (PEN), polyimide and PDMS. 

The printing of the EC active materials may be conducted by a variety of printing 

. methodologies, preferably by inkjet printing. The resulting EC devices and films may be 

used for a variety of applications such as smart windows and displays. 

[00169] While the present invention has been particularly shown and described with 

10 reference to exemplary embodiments thereof, it will be understood by those of ordinary skill 

in the art that various changes in form and details may be made therein without departing 

from the spirit and scope of the present invention as defined by the following claims. 
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CLAIMS 

1.  A method of manufacturing an electrochromic device, the method comprising 

a) providing a transparent electrode, wherein the transparent electrode is formed 

of lines of an electrically conductive material surrounding one or more of two-

dimensional voids of various shapes, wherein the electrically conductive material is 

free of ITO and wherein the one or more of two-dimensional voids of various shapes 

do not contain an electrically conductive material, wherein one or more layers of an 

electrochromic material is applied to the transparent electrode, wherein at least a 

portion of the electrochromic material is in direct contact with the lines of the 

electrically conductive material of the transparent electrode, and wherein the lines of 

the electrically conductive material of the transparent electrode overlap with about 5 

% to about 15 % by area of the electrochromic material; 

b) providing a counter-electrode; and 

c) providing an electrolyte, wherein the electrolyte is arranged to ionically 

connect the transparent electrode comprising the at least a portion of the 

electrochromic material in direct contact with the lines of the electrically conductive 

material and the counter-electrode. 

 

2.  The method according to claim 1, wherein providing the transparent electrode 

comprises chemically sintering the lines of the electrically conductive material of the 

transparent electrode. 

 

3.  The method according to claim 1, wherein the lines of the electrically conductive 

material are arranged to form a grid pattern. 

 

4.  The method according to claim 1, wherein the transparent electrode formed of the 

lines of the electrically conductive material surrounding one or more of two-

dimensional voids of various shapes is formed directly on the one or more layers of 

the electrochromic material. 
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5.  The method according to claim 1, wherein the one or more layers of the 

electrochromic material is applied in a second patterned arrangement to the 

transparent electrode. 

 

6.  The method according to claim 1, further comprising applying a second patterned 

arrangement of an electrically conductive material which is free of ITO as a second 

transparent electrode on the one or more layers of the electrochromic material.  

 

7.  The method according to claim 1, wherein applying the one or more layers of the 

electrochromic material to the transparent electrode comprises applying an 

electrochromic ink composition comprising 

a) about 0.05 wt% to about 60 wt% of the electrochromic material; 

b) about 40 wt% to about 95 wt% of a liquid vehicle; 

c) about 0.01 wt% to about 20 wt% of a physicochemical modifier; and 

d) about 0.01 wt% to about 20 wt% of an additive;  

wherein respective wt% are calculated based on total weight of the composition and 

sum of the respective wt% is 100 wt%, to the transparent electrode. 

 

8.  The method according to claim 7, wherein the liquid vehicle is selected from the 

group consisting of ethylene glycol, diethylene glycol, diethylene glycol n-butyl ether, 

diethylene glycol n-butyl ether acetate, diethylene glycol ethyl ether, diethylene glycol 

ethyl ether acetate, diethylene glycol methyl ether, dipropylene glycol butyl ether, 

dipropylene glycol methyl ether, dipropylene glycol methyl ether acetate, ethylene 

glycol dibutyrate, and combinations thereof.   

 

9.  The method according to claim 7, wherein the liquid vehicle further comprises a 

liquid selected from the group consisting of an aqueous solution, water, ethanol, 

isopropyl alcohol, ethylene glycol, propylene glycol, n methyl pyrrolidone, terpinol, 

dipropylene glycol methyl ether (DPM), dipropylene glycol methyl ether acetate 

(DPMA), and combinations thereof. 
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10.  The method according to claim 7, wherein the physicochemical modifier is selected 

from the group consisting of a surfactant, a polymer, a co-solvent, a viscosity modifier, 

a surface tension modifier, an evaporation rate control agent, and combinations 

thereof. 

 

11.  The method according to claim 7, wherein the additive is selected from the group 

consisting of a binder, a pH control agent, an antimicrobial agent, and combinations 

thereof. 

 

12.  A method of manufacturing an electrochromic device, the method comprising 

a) providing a transparent electrode, wherein the transparent electrode is formed 

of lines of an electrically conductive material surrounding one or more of two-

dimensional voids of various shapes, wherein the electrically conductive material is 

free of ITO and wherein the one or more of two-dimensional voids of various shapes 

do not contain an electrically conductive material, wherein providing the transparent 

electrode comprises applying a dispersion comprising the electrically conductive 

material to a template arranged on a substrate, and forming the lines of the electrically 

conductive material on the substrate by self-assembly, wherein one or more layers of 

an electrochromic material is applied to the transparent electrode, wherein at least a 

portion of the electrochromic material is in direct contact with the lines of the 

electrically conductive material of the transparent electrode, and wherein the lines of 

the electrically conductive material of the transparent electrode overlap with about 5 

% to about 15 % by area of the electrochromic material; 

b) providing a counter-electrode; and 

c) providing an electrolyte, wherein the electrolyte is arranged to ionically 

connect the transparent electrode comprising the at least a portion of the 

electrochromic material in direct contact with the lines of the electrically conductive 

material and the counter-electrode. 

 

13.  An electrochromic device comprising  

a) a transparent electrode formed of (i) lines of an electrically conductive 

material surrounding one or more of two-dimensional voids of various shapes, 
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wherein the electrically conductive material is free of ITO and wherein the one or 

more of two-dimensional voids of various shapes do not contain an electrically 

conductive material, wherein the lines of the electrically conductive material are 

formed on a substrate by self-assembly of a dispersion comprising the electrically 

conductive material applied to a template arranged on the substrate, and (ii) one or 

more layers of an electrochromic material, wherein at least a portion of the 

electrochromic material is in direct contact with the lines of the electrically conductive 

material of the transparent electrode, and wherein the lines of the electrically 

conductive material of the transparent electrode overlap with about 5 % to about 15 % 

by area of the electrochromic material; 

b) a counter-electrode; and 

c) an electrolyte, wherein the electrolyte is arranged to ionically connect the 

transparent electrode comprising the at least a portion of the electrochromic material 

in direct contact with the lines of the electrically conductive material and the counter-

electrode.  

 

14.  The electrochromic device according to claim 13, wherein the lines of the electrically 

conductive material are arranged to form a grid pattern. 

 

15.  The electrochromic device according to claim 13, wherein the one or more layers of 

the electrochromic material is in a second patterned arrangement. 

 

16.  The electrochromic device according to claim 13, further comprising a second 

patterned arrangement of an electrically conductive material which is free of ITO as a 

second transparent electrode and arranged in electrical contact with the one or more 

layers of an electrochromic material. 

 


