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Title: Methods of purifying nanostructures

Description of Invention

The present invention relates to methods of purifying nanostructures. More
particularly, the present invention relates to methods of purifying silver
nanowires. The present invention also relates to nanostructures and

nanowires purified by the methods.

Transparent conductors refer to thin conductive films coated on high-
transmittance surfaces or substrates. Transparent conductors may be
manufactured to have surface conductivity while maintaining reasonable
optical transparency. Such surface conducting transparent conductors are
widely used as transparent electrodes in flat liquid crystal displays, touch
panels, electroluminescent devices and thin film photovoltaic cells; as anti-
static layers and as electromagnetic wave shielding layers.

Vacuum deposited metal oxides, such as ITO (Indium Tin Oxide) are often
used to provide optical transparency and electrical conductivity to dielectric
surfaces such as glass and polymeric films. 1TO on flat liquid crystal displays,
for example, typically provides a transmission value of >90% and sheet
resistance of approximately 10Q/o. Metal oxide films are fragile and prone to
damage during bending. They also need relatively high deposition
temperatures and/or high annealing temperatures to achieve high conductivity
levels. When a substrate absorbs water, e.g. polycarbonate, a metal oxide
film may lose adhesion. Therefore, metal oxide films do not function
particularly well on flexible substrates. Furthermore, vacuum deposition is

relatively costly and requires specialist equipment.

Metal nanostructures such as silver nanowires serve as an alternative
transparent conductor to ITO as the industry looks for more flexible and

bendable substrate materials for applications including wearable technology,
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printed lights, solar cells, organic emitting diodes and many other
optoelectronic devices. In addition, metal nanostructures such as silver

nanowires are now used in flat panel displays instead of ITO films.

Silver nanowires used as transparent conductors often include a variety of
lengths of nanowire to permit formation of a strongly conducting network of

nanowires.

Silver nanowires can be synthesised by the reduction of silver nitrate dissolved
in the presence of poly(vinyl pyrrolidone) (PVP) using a “polyol method”
described in Y. Sun, B. Gates, B. Mayers and Y. Xia, “Crystalline silver
nanowires by soft solution processing”, Nanoletters, 2002, 2(2) 165-168. The
polyol method includes the reduction of a precursor (e.g. a metal salt) of the
metal nanostructure by a polyol (e.g. ethylene glycol) in the presence of PVP.
Typically, the reduction is carried out at no more than 200°C. Ethylene glycol
serves the dual functions as the solvent and the reducing agent. Typically, the
shapes and sizes of the nanostructures formed are affected by parameters
including the relative amounts of PVP and the metal salt, reaction time, and
reaction temperature. Silver nanowires formed by this reaction are believed to

form by way of the following reactions:
2HOCH,CH,0OH —>  2CH3CHO + 2H,0

2Ag* + 2CH;CHO —> CH3CHO-OHCCHg3 + 2Ag + 2H*

Known methods of forming nanostructures (e.g. silver nanowires) by the polyol
method use sedimentation and/or “dead-end” filtration to purify the nanowires
and are not scalable above approximately 1 litre batches. Sedimentation
and/or “dead-end” filtration only work on a relatively small scale and do not
produce particularly pure nanowires with preferable lengths and/or preferable

ranges of lengths.
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There is a need to upscale methods of purifying and forming nanostructures

(e.g. silver nanowires).
According to a first aspect of the present invention, there is provided a method
of purifying nanostructures, the method comprising:
providing a plurality of nanostructures in solution; and
filtering the nanostructures in solution by cross-flow filtration.
Preferably, wherein the nanostructures are nanowires.

Further preferably, wherein the nanowires are metallic or semiconducting.

Advantageously, wherein the nanowires are metallic and include Ag, Au, Pt,
Cu, Co, Fe and/or Ni.

Preferably, wherein the nanowires are silver nanowires.

Further preferably, wherein the nanowires have a length (longest dimension)

of from 30 um to 90 pm.

Advantageously, wherein the nanowires have a width (shortest dimension) of

from 80 nm to 150 nm.

Preferably, wherein the nanowires have an aspect ratio (length divided by
width) of from 200 to 900.

Further preferably, wherein the step of providing a plurality of nanostructures

in solution includes forming the nanostructures.

Advantageously, wherein forming the nanostructures includes forming the

nanostructures by the polyol method.
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Preferably, wherein the nanostructures are silver nanowires and the polyol

method proceeds by the reactions:
2HOCH,CH,0OH —  2CH5;CHO + 2H,0

2Ag* + 2CH;CHO —> CH3CHO-OHCCH3 + 2Ag + 2H"

Further preferably, wherein the step of forming the nanostructures occurs on a

scale of greater than 1 litre batches.

Advantageously, wherein the step of filtering the nanostructures in solution by
cross-flow filtration includes the step of passing the solution comprising

nanostructures through a cross-flow filter.

Preferably, wherein step of passing the solution comprising nanostructures
through a cross-flow filter includes passing the solution through a cross-flow

filter having a mean mesh size of 20 to 40 pm.

Further preferably, wherein step of passing the solution comprising
nanostructures through a cross-flow filter includes passing the solution through

a cross-flow filter having a mean mesh size of 30 um plus or minus 10%.

Advantageously, wherein the step of filtering the nanostructures in solution by
cross-flow filtration includes the step of passing the solution comprising

nanostructures through a cross-flow filter at a rate of 400 ml/min to 2 I/min.

Preferably, wherein the step of filtering the nanostructures in solution by cross-
flow filtration includes the step of passing the solution comprising

nanostructures through a cross-flow filter at a rate of 500 ml/min to 1 I/min.

Further preferably, wherein the step of filtering the nanostructures in solution
by cross-flow filtration includes the step of passing the solution comprising

nanostructures through a cross-flow filter, the cross-flow filter comprising a
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vibration system for vibrating the mesh and mitigating clogging of the

membrane.
According to another aspect of the present invention, there is provided a
method of forming a transparent conductor, the method comprising:

purifying nanostructures according to the methods set out above; and

fabricating a transparent conductor incorporating the nanostructures.

According to another aspect of the present invention, there are provided

nanostructures obtainable by the methods set out above.

According to another aspect of the present invention, there are provided

nanostructures obtained by the methods set out above.

According to another aspect of the present invention, there are provided
transparent conductors obtainable by the methods set out above.

According to another aspect of the present invention, there are provided

transparent conductors obtained by the methods set out above.

According to another aspect of the present invention, there is provided the use

of a cross-flow filter to filter a solution comprising nanostructures.

Preferably, wherein the cross-flow filter has a mean mesh size of 20 to 40 pum.

Further preferably, wherein the cross-flow filter has a mean mesh size of 30

pm plus or minus 10%.

Advantageously, wherein the method occurs on a scale of greater than 1 litre

batches.

Preferably, wherein the nanostructures are silver nanowires.
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Further preferably, wherein forming the nanostructures includes forming the

nanostructures by the polyol method.
Advantageously, wherein the nanostructures are silver nanowires and the
polyol method proceeds by the reactions:

2HOCH,CH,0OH —>  2CH,CHO + 2H,0

2Ag* + 2CH;CHO —> CH3CHO-OHCCHj3 + 2Ag + 2H"

Embodiments of the invention are described below with reference to the

accompanying drawings, in which:

Figure 1 is a schematic diagram of an aspect of the method according to the

present invention.

Figure 2 is a microscope photograph of silver nanowires formed from a polyol

method before filtering.

Figure 3 is a microscope photograph of silver nanowires after a filtering step

according to an aspect of the present invention.

Figure 4 is a microscope photograph of silver nanowires after more than one

filtering steps according to an aspect of the present invention.

Figure 5 is a microscope photograph of the waste materials collected after a

filtering step according to an aspect of the present invention.

Figure 6 is a scanning electron microscope photograph of the silver nanowires

shown in figure 4.
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Figure 7 shows the distribution of nanowires by length before a filtering step
according to an aspect of the present invention, i.e. as shown pictorially in

figure 2.

Figure 8 shows the distribution of nanowires by length after a filtering step
according to an aspect of the present invention, i.e. as shown pictorially in

figure 4.

Some of the terms used to describe the present invention are set out below.

“Cross-flow filtration” refers to filtration where the filter has an inlet for a feed,
an outlet for a retentate and a filter through which a permeate passes.
Typically, a feed is introduced into the inlet, the feed passes through the filter
and certain components of the feed leave through the filter as permeate whilst
others leave as retentate. In cross-flow filtration, as opposed to “dead-end”
filtration, the filter cake is substantially washed away during the filtration
method and does not block the filter; this increases the time that filtration can

occur and permits continuous cross-flow filtration.

“Nanostructures” are structures which are sized in at least one dimension from
1 to 90 um, optionally 20 nm to 300 nm, optionally from 1 nm to 100 nm.
Examples of nanostructures include, but are not limited to, nanowires (e.g.
silver nanowires), nanotubes (e.g. carbon nanotubes), buckminsterfullerene,
nanoparticles, nanopowders, nanobelts and nanocrystals. Compared to larger
scale materials, nanostructures have a high ratio of surface area to volume;
this results in nanostructures having different properties compared to larger

scale materials.

“‘Nanowires” are nanostructures which have a length (longest dimension) of
from 20 nm to 300 pm, optionally from 20 nm to 90 um, optionally from 1 pum to
15 ym, or 30 pm to 90 pum, or 20 pum to 80 um, and a width (shortest

dimension) of from 1 nm to 300 nm, optionally from 1 nm to 150 nm, 100 nm,
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50 nm or 10 nm, optionally from 80 nm to 150 nm, and an aspect ratio (length
divided by width) of from 20 to 300,000, optionally 20 to 90,000, optionally 200
to 900, or 20 to 50, optionally to 40 or 30. Preferred nanowires are generally
cylindrical, although they can have different geometric shapes, for example
rectangular. If the nanowires are not cylindrical, the aspect ratio is calculated
as the length divided by the greatest dimension across a cross-section of the

nanowire.

Nanowires can be metallic (for example Ag, Au, Pt, Cu, Co, Fe and Ni) or
semiconducting (for example Si, SnO2, WOs, ZnO, TiOz, InP, CuO, Cuz0, NiO,
MnOg2, V205 and GaN), but not insulating.

“‘Nanopatrticles” are particles having at least one dimension from 1 nm to 100
nm, optionally from 1 nm to 10 nm, and an aspect ratio (length divided by
width) of from 1 to 4, preferably from 1 to 2. Nanoparticles can be metallic (for
example Au, Pt, Ag, Fe, Pd, Rh, ZnS and CdSe) or semiconducting (for
example Si, SnO2, WOs, ZnO, TiOz, InP, CuO, Cuz20, NiO, MnOz2, V205 and

GaN), but not insulating.

Silver nanowire preparation

Metal nanowires can be prepared by the solution-phase reduction of a metal
salt in the presence of a polyol and PVP. This reaction is referred to as the
“polyol method”. An example of the polyol method to form silver nanowires is
the solution-phase reduction of silver nitrate in the presence of ethylene glycol
and PVP.

A synthesis of silver nanowires can be described by the following general

steps:

1. Introduce a solution of silver nitrate (for example 299.0% as sold by

Sigma Aldrich™ in the UK), ethylene glycol (for example anhydrous,
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99.8% as sold by Sigma Aldrich™ in the UK) and PVP (for example
powder as sold by Sigma Aldrich™ in the UK; optionally with an
average molecular weight of 55,000) into a clean reaction vessel. In
one example, the relative molar amounts of silver nitrate to PVP in
ethylene glycol is 1:12.5 plus or minus 10%. Within this relative
molar ratio, the amount of PVP in ethylene glycol is 0.0015M plus or
minus 10%.

2. Optionally, include a source of halide ions, e.g. NaCl, and/or a
source of metal ions such as any one or more of Cu, Fe and Pt. In
some examples, the metal ions are provided in solution from Cu, Fe
and/or Pt chlorides or nitrates. These components are optionally
added as dopants to the solution.

3. Stir the reaction mixture at 120-140°C, preferably 130°C, for 40-60
minutes, preferably 50 minutes. The solution changes colour from

grey to clear yellow upon formation of silver nanowires.

Following the above general protocol results in the formation of a reaction
product mixture, including silver nanowires. The silver nanowires are within a
solution including polyols and PVP, along with unwanted reaction products

including unwanted small nanostructures.

Previous methods of cleaning the silver nanowires included dilution of the
reaction product mixture with IPA (isopropanol; for example 70% in H20 as
sold by Sigma Aldrich™ in the UK). This method permitted the sedimentation
of silver nanowires by way of the longer wires sinking more, relative to shorter
wires. The shorter/smaller wires floated relative to the longer/heavier wires
and are decanted off, with a new batch of IPA added. Such a method is often
carried out seven or more times to obtain relatively clean nanowires in IPA.
Such a sedimentation method takes time (approximately one week until

completion) because each sinking step takes time.



10

15

20

25

30

10

The longer the nanowires the better the quality of the thin conductive films
formed by the nanowires. In the field of silver nanowires serving as an
alternative transparent conductor to ITO, the length of silver nanowires used
ranges from 20pum up to and including 200pum. Silver nanowires shorter than
20um do not generally form useful thin conductive films. It is difficult to

consistently form silver nanowires longer than 200um.

Previous methods of cleaning or filtering the silver nanowires alternatively
included filtering by “dead-end” filtering. In “dead-end” filtering a substantial
proportion of the desired silver nanowires are trapped in the filter cake and

there is little or no control over the length of the filtered silver nanowires.

When looking to scale up production of nanostructures, in particular silver
nanowires, sedimentation processing and/or “dead-end” filtering are not

feasible above approximately 1 litre batches.

According to the present invention, the reaction product mixture, including
silver nanowires, is filtered using a cross-flow filtration method. An apparatus

for carrying out this method is shown schematically in figure 1.

The reaction product mixture is first diluted with IPA (isopropanol; for example
70% in H20 as sold by Sigma Aldrich™ in the UK) to lower the viscosity and
permit flow through the filtration system 1. The diluted reaction product
mixture is reaction product mixture 10 in figure 1. The diluted reaction product
in some embodiments is diluted with enough IPA such that the density of the
diluted reaction product is within 10% of the density of pure IPA (i.e. within
10% of 786 kg/m?).

The diluted reaction product mixture 10 is introduced into the feed tank 20. A
peristaltic pump 40, operating at 7-9 litres per minute, forces movement of the
diluted reaction product mixture 10 through the prefilter 30. The prefilter 30
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has a wire mesh filter with approximately 120um pores. The prefilter 30 acts

to remove any large particulate matter.

After the peristaltic pump 40, there are two valves 2,3; one valve 2 optionally
permits return of the mixture to the feed tank 20; the other valve 3 permits flow
of the mixture to the cross-flow filter 70. In the usual in-line method, the valve
2 is closed and the valve 3 is open, thus permitting flow of the mixture to the

cross-flow filter 70.

The lung tank 50 is effectively a pressure valve and permits release of
pressure within the filtration system 1, if necessary. The pressure sensor 60
provides a pressure reading so that the pressure within the filtration system 1

can be monitored.

The cross-flow filter 70 includes a membrane. In this example, the mesh of
the filter is a metal mesh, optionally stainless steel, with a mesh spacing of
30um. In other examples, where different lengths of nanowires or dimensions
of nanostructures are preferred, the mesh spacing is changed accordingly.
The flow of feed into the cross-flow filter 70 in this example is 750 ml/min. In
other embodiments, the flow of feed into the cross-flow filter 70 can be from
400 ml/min to 2 I/min. In some embodiments, the cross-flow filter 70
incorporates a vibration system (not shown) which vibrates the mesh and

prevents the membrane from clogging.

Relatively small particles flow through the mesh of the cross-flow filter 70
through a valve 4 before a flowmeter 80 and into a permeate tank 90. The
valve 4 is included to provide the option of closing flow to the permeate tank
90. The flowmeter 80 is included to provide information on the flow rate into

the permeate tank 90.

Relatively large nanowires flow through the cross-flow filter 70 and exit as

retentate. The pressure sensor 100 provides a pressure reading so that the
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pressure within the filtration system 1 can be monitored. The retentate then
flows through a valve 5 and then a flowmeter 110. The valve 5 is included to
provide the option of closing flow of the retentate. The flowmeter 110 is
included to provide information of the flow rate of the retentate.

The retentate is then optionally returned to the feed tank 20 and returned to
the start of the cross-flow filtration method. The retentate includes generally
clean silver nanowires with impurities removed as permeate from the cross-
flow filter. The cross-flow filtration step can be undertaken once in the method,
or the cross-flow filtration step can be undertaken a number of times, including
2,3,4,5,6,7,8,9, 10 or more times. Aliquots of cleaned/filtered solution can
be taken of the retentate at 120. The aliquots can be tested for purity of the

silver nanowires.

In some embodiments, additional diluted reaction product mixture 10 is
introduced into the filtration system 1 as and when needed, e.g. when
substantially clean silver nanowires are removed from the system. In some
embodiments, additional diluted reaction product mixture 10 is introduced into
the filtration system 1 continuously because of the continuous loss of

permeate to the permeate tank 90.

Carrying out the method as described in the example above typically formed
silver nanowires with a length of from 30 um to 90 um, a width of from 80 nm
to 150 nm and an aspect ratio of from 200 to 900; the yield was 40% or more.
The silver nanowires produced were found to produce transparent conductive
films or substrates; the conductive films or substrates having beneficial haze
(less than 3%) and transmission readings (greater than 85%) and beneficial

sheet resistance readings.

After formation of silver nanowires, the silver nanowires are dried and packed
under vacuum to prevent oxidation. Alternatively, the silver nanowires are

dispersed in a highly purified alcohol solution.
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In an exemplary embodiment:

1. 46 g of PVP dissolved in 500 mL of ethylene glycol was stirred in a
reactor together with 1.0 mL of 0.1M CuCl: in ethylene glycol and 1.75
mL of 0.2M CuNOs in ethylene glycol.

2. The reactor was heated at 150°C for 1 hour.

3. After 1 hour, 2.95 mL of 2m AgNOs in ethylene glycol was added to the
reaction mixture and stirred for 30 minutes.

4. A further 35 mL of 2M AgNOs in ethylene glycol was added to the
reaction mixture and stirred for 40 minutes.

5. A sample of the reaction mixture was taken and the length of silver
nanowires formed was checked by microscope.

6. When the reaction was complete, the solution was cooled to room
temperature (20°C).

7. The solution was diluted with enough IPA such that the density of the
diluted reaction product was within 10% of the density of pure IPA.

8. The diluted reaction product was then cycled through the filtration
system 1 three times to produce a solution of generally pure silver

nanowires. The yield of silver nanowires was 40%.

Figure 2 is a microscope photograph of the diluted reaction product from step
7 of the exemplary embodiment, i.e. silver nanowires before a filtering step
according to the present invention. The silver nanowires are of various lengths
and are generally disordered. The image of figure 2 was obtained using an
optical microscope with 50X magnification. The microscope used to take the

image was an Olympus BX60M and the camera was an Olympus SC30.

Figure 3 is a microscope photograph of silver nanowires after only one filtering
step according to step 8 of the exemplary embodiment (e.g. from the retentate
in figure 1). The silver nanowires are more uniform and purer than the silver
nanowires shown in figure 2, i.e. before cleaning. The image of figure 3 was

obtained using an optical microscope with 50X magnification. The microscope
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used to take the image was an Olympus BX60M and the camera was an
Olympus SC30.

Figure 4 is a microscope photograph of silver nanowires after the three filtering
steps according to step 8 of the exemplary embodiment (e.g. from the
retentate in figure 1). The silver nanowires are all of a similar length and are
purer than the silver nanowires shown in figure 3. The image of figure 4 was
obtained using an optical microscope with 50X magnification. The microscope
used to take the image was an Olympus BX60M and the camera was an
Olympus SC30.

Figure 5 is a microscope photograph of the waste materials collected during
the three filtering steps according to step 8 of the exemplary embodiment (e.g.
the permeate formed in figure 1). The waste materials are generally short
nanowires, small nanostructures and waste reactants which would otherwise
taint the silver nanowires. The image of figure 5 was obtained using an optical
microscope with 50X magnification. The microscope used to take the image

was an Olympus BX60M and the camera was an Olympus SC30.

Figure 6 is a scanning electron microscope photograph of the silver nanowires
shown in figure 4. This photograph shows that the nanowires are generally
uniform and there is no if little amount of impurities. The image of figure 6 was
obtained using an SEM with 50K magnification. The SEM used to take the

image was a Zeiss Ultra Plus FESEM.

Figure 7 shows the distribution of nanowires by length before a filtering step
according to the present invention, i.e. as shown in figure 2. There was a wide
distribution of nanowire lengths. The nanowire lengths were measured using
an optical microscope with 50X magnification in conjunction with a calibrated

ruler.
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Figure 8 shows the distribution of nanowires by length after a filtering step
according to the present invention, i.e. as shown in figure 4. The method of
the present invention removed relatively longer nanowires and the majority of
nanowires remaining were in the length range from 20-80um. The yield of

nanowires was 40% or more.

The above discussion relates to the specific example of the preparation of
silver nanowires. The present invention is equally applicable in the
preparation of relatively pure nanostructures of other metals, metal alloys and

semiconductors.

As can be seen from the above results, methods of purifying and forming

nanostructures according to the present invention provide beneficial results.

When used in this specification and claims, the terms "comprises" and
"comprising” and variations thereof mean that the specified features, steps or
integers are included. The terms are not to be interpreted to exclude the

presence of other features, steps or components.

The features disclosed in the foregoing description, or the following claims, or
the accompanying drawings, expressed in their specific forms or in terms of a
means for performing the disclosed function, or a method or process for
attaining the disclosed result, as appropriate, may, separately, or in any
combination of such features, be utilised for realising the invention in diverse

forms thereof.
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Claims

1. A method of purifying nanostructures, the method comprising:

providing a plurality of nanostructures in solution; and

filtering the nanostructures in solution by cross-flow filtration,
wherein the step of filtering the nanostructures in solution by cross-flow
filtration includes the step of passing the solution comprising nanostructures
through a cross-flow filter having a mean mesh size of 20 to 40 pum.

2. The method of claim 1, wherein the nanostructures are nanowires.

3. The method of claim 2, wherein the nanowires are metallic or

semiconducting.

4. The method of claim 3, wherein the nanowires are metallic and include
Ag, Au, Pt, Cu, Co, Fe and/or Ni.

5. The method of any one of claims 2 to 4, wherein the nanowires are

silver nanowires.

6. The method of any one of claims 2 to 5, wherein the nanowires have a

length (longest dimension) of from 30 um to 90 pm.

7. The method of any one of claims 2 to 6, wherein the nanowires have a
width (shortest dimension) of from 80 nm to 150 nm.

8. The method of any one of claims 2 to 7, wherein the nanowires have an
aspect ratio (length divided by width) of from 200 to 900.

9. The method of any one of claims 1 to 8, wherein the step of providing a

plurality of nanostructures in solution includes forming the nanostructures.
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10. The method of claim 9, wherein forming the nanostructures includes

forming the nanostructures by the polyol method.

11. The method of claim 10, wherein the nanostructures are silver

nanowires and the polyol method proceeds by the reactions:
2HOCH,CH,0OH —>  2CH3CHO + 2H,0

2Ag* + 2CH;CHO —> CH3CHO-OHCCHj3 + 2Ag + 2H"

12. The method of any one of claims 9 to 11, wherein the step of forming

the nanostructures occurs on a scale of greater than 1 litre batches.

13.  The method of any one of claims 1 to 12, wherein the step of passing
the solution comprising nanostructures through a cross-flow filter includes
passing the solution through a cross-flow filter having a mean mesh size of 30

pm plus or minus 10%.

14. The method of any one of claims 1 to 13, wherein the step of filtering
the nanostructures in solution by cross-flow filtration includes the step of
passing the solution comprising nanostructures through a cross-flow filter at a

rate of 400 ml/min to 2 I/min.

15. The method of any one of claims 1 to 13, wherein the step of filtering
the nanostructures in solution by cross-flow filtration includes the step of
passing the solution comprising nanostructures through a cross-flow filter at a

rate of 500 ml/min to 1 I/min.

16. The method of any one of claims 1 to 15, wherein the step of filtering
the nanostructures in solution by cross-flow filtration includes the step of
passing the solution comprising nanostructures through a cross-flow filter, the
cross-flow filter comprising a vibration system for vibrating the mesh and

mitigating clogging of the membrane.
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17. A method of forming a transparent conductor, the method comprising:
purifying nanostructures according to the method any one of claims 1 to
16; and

fabricating a transparent conductor incorporating the nanostructures.

18. Use of a cross-flow filter to filter a solution comprising nanostructures,

wherein the cross-flow filter has a mean mesh size of 20 to 40 um.

19. The use of claim 18, wherein the cross-flow filter has a mean mesh size

of 30 um plus or minus 10%.



