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POROUS CARBON FILMS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional
Application No. 61/950,965, filed March 11, 2014

BACKGROUND

[0002] Carbonaceous materials with nanoscopic structures have been studied
extensively and used widely because of their low specific gravity, good electrical
conductivity, high surface area, ability to be readily surface-modified, as well as the
feasibility of large-scale production. Examples of these materials are carbon black,
carbon nanotubes, carbon nanofibers, ordered mesoporous carbons, and so on.
Porous colloid imprinted carbon (CIC) powders have also been prepared with a
narrow pore size distribution and three-dimensionally connected nanopores, verified
by nitrogen adsorption isotherms and three-dimensional transmission electron
microscopy (3D-TEM) [1, 2]. These nanomaterials are being used in many
applications, such as electrochemical devices, including batteries, capacitors, and
fuel cells.

[0003] However, most of these carbon materials are available only in powder
form, which limits their applications. Variation in the orientation or alignment of the
individual nanoporous carbon particles may affect mass transport through the
nanopores and also make product properties irreproducible. In addition, use of
carbon powders has associated health concerns, since particulates are known to be

an increasing problem.

[0004] In some cases, carbon powders can be obtained already bound together
with a polymer. For example, Pt-loaded nanoporous carbon can be bound with a
polymer to serve as the catalyst layer in polymer electrolyte membrane fuel cells
(PEMFCs). However, these polymeric binders may negatively affect the conductivity
or mass transfer through the carbon powders or may contaminate them, thus

1
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lowering their performance. To handle this problem, electrically conducting polymers
(e.g., polyaniline) are used as a binder in supercapacitors to improve the conductivity
between carbon particles. However, the polymeric phase may narrow the pathways
for electrolyte ions, which is expected to decrease the charge/discharge rate of the

capacitors.

[0005] Inthe past decade, a number of technigues have been developed to
fabricate nanoporous carbonaceous materials in bulk form, e.g., carbon gels or
monoliths, carbon films [3-6], carbon tapes [7], carbon cloth, etc. Of these,
nanoporous carbon films (NCFs) are very promising for various applications,
including applications as electrodes, adsorbents, catalysts, separation materials, and
sensors. NCFs can be prepared via hard-template or soft-template methods,
filtration, pyrolysis of polymer precursors, chemical or physical vapor deposition, and
other chemical and physical methods [6, 8-14], These techniques can provide NCFs
with excellent properties, but they also face one or more of the following problems:
high cost of raw materials, complicated/tedious or time-consuming preparation
process, low mechanical strength, low electrical conductivity, low porosity, non-
continuous nano-pores, uncontrolled orientation of the pores, and challenges with

mass production.

BRIEF SUMMARY OF THE INVENTION

[0006] The invention provides porous carbon-based films, including nanoporous
carbon-based films, nanoporous carbon films (NCFs), and methods for synthesis
thereof. Nanoporous carbon-based films produced by the methods of the present
invention have a variety of applications including, but not limited 1o, batteries, flexible

batteries, electrodes, sensors, fuel cells, chromatographic materials and filtration.

[0007] In an aspect, the films have a thickness substantially less than their lateral
dimensions. In an embodiment, the lateral dimensions are of macroscopic
dimensions (e.g., greater than 1 mm or 1 ¢cm), while the thickness dimension is in the
nanoscale or microscale. In an embodiment, the porous carbon-based films are
freestanding and are not attached to a support material or backing. In-an
embodiment, a freestanding film is sheet of material which is self-supporting. For
example, a self-supporting film is capable of supporting itself in the absence of a

2
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support material or backing. In an embodiment the self-supporting sheet of material
has sufficient mechanical strength that it can be readily transferred without being
substantially damaged. In an embodiment, the porous carbon-based films are

flexible enough to be rolled or bent without visibly cracking or breaking the film.

In some embodiments, the film is supported by carbon fibers, a glass fibers, or glass fibers.
[0008] In an embodiment, the carbon-based films comprise carbonaceous

regions which define the pore space within the film. In an embodiment, the pores
within the film form a three-dimensionally interconnected network of pores. In an
embodiment, the film comprises nanopores. In an embodiment, the film comprises
an open network of interconnected pores, the network comprising pores having a
size from 2 nm to 100 nm, from § nm to 100 nm, from 10 nm to 100 nm, from 10 nm
to 50 nm or from 15 t0 40 nm. In a further embodiment, the film comprises
macropores, the macropores having a size greater than 100 nm and less than one
micrometer. In yet a further embodiment, the film comprises pores having a size
less than 2 nm. In a further embodiment, the network further comprises pores
having a size from 0.1 um to 100 um. In an embodiment, the film comprises an
open network of interconnected pores, the network comprising pores having a
diameter greater than 100 nm and less than or equal to 100 um. In an embodiment,
the film comprises pores having a wide range of size distribution, e.g., from <2 nm to
> 100 um. In an embodiment, a gradient in porosity is formed across the film, for example

across the thickness of the film.

[0009] In different embodiments, the synthesis methods, properties, modification,
and applications for nanoporous carbon films (NCF) described herein are also
applicable for carbon films with pores larger than 100 nm or smaller than 2 nm. In an
embodiment, carbon films with pores larger than 100 nm or smaller than 2 nm can
be produced using the methods described herein. In a further embodiment, carbon
films with pores larger than 100 nm are formed by using a non-aqueous synthesis
mixture.

[0010] In an embodiment, the method for porous carbon-based film synthesis
comprises the steps of forming a mixture comprising particles of an inorganic
material, a carbon precursor material and water, forming a layer of the mixture on a
substrate, removing water from the layer to form a film, heating the film to convert
the carbon precursor in the film to carbon, thereby forming a composite film

3
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comprising carbon and particulate material and removing particulate material from
the composite film to form a porous carbon-based film. In an embodiment, the
particulate material serves as a sacrificial template for pores in the film. In an
embodiment, the film is removed from the substrate prior to carbonization of the film.
As used herein, a carbon-based film is predominately carbon. In an embodiment,
the amount of elements other than carbon in the film is less than 20%, 10 wt%, 5
wt%, 2 wi% or 1 wt% and the film may be termed a porous carbon film. When the
porous carbon film comprises pores in the size range from 2 nm to 100 nm, the
porous carbon film may be termed a nanoporous carbon film (NCF). The mixture is
also referred to herein as a synthesis mixture. In an embodiment, the water content
of the synthesis mixture is from 1% to 99% in weight or 40% to 90% in weight. In a
further embodiment, the synthesis mixture comprises a liquid other than water.

[0011]  The aqueous synthesis mixture, comprising an inorganic particulate
material, a carbon precursor material and water, may also be termed an ink. In an
embodiment, the template material can be any inorganic material that does not react
with carbon and its precursor during the preparation process. In an embodiment, the
template material is metal-oxide-based. In embodiments, the metal-oxide based
particles are suspensible in aqueous solutions or are suspensible in the presence of
a stabilizing agent such as an ionic stabilizing agent. Suitable metal-oxide based
materials include, but are not limited to, silica based materials, alumina based
materials, titania based materials and magnesia based materials. Suitable silica-
based templates include, but are not limited to, colloidal silica. In embodiments, the
average particle size of the particles of inorganic material is from 2 nm to 100 nm, 5
nm to 50 nm, 5 nmto 25 nm, 25 nm to 50 nm, or 50 to 100 nm. In an embodiment,
particles with a size out of the nanosize ranges will result in carbon films with pores
size larger than 100 nm or smaller than 2 nm, correspondingly. In further
embodiments, the average particle size of the inorganic particles is from 0.5 nm to
100 pm, from 0.5 nm to less than 2 nm, or from greater than 100 nm to 10 ym. A
variety of inorganic material particle shapes, including spherical, are suitable for use
‘with the methods of the invention. Various inorganic material nano-structures are
also suitable for use with the methods of the invention.
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[0012] Suitable carbon precursors, includse, but are not limited to, mesophase

pitch (MP). In an embodiment, a mesophase pitch carbon precursor is selected from

the group consisting of naphthalene-based pitch, coal-based pitch, oil-based pitch,

and other-source-based pitches. Other suitable sources of carbon include, but are

not limited to, carbohydrates (e.g., sucrose), polymers (e.g., phenol formaldehyde

resins), oligomers, alcohols and polycyclic aromatic hydrocarbons (e.g., anthracene

and naphthalene). In embodiments, the mass ratio of carbon precursor to inorganic
particulate materials is from 1/20 to 2/1, from 1/20 to 1/5 or from 1/10 to 1/1. or 1/50 to 5/1.
embodiments, within the synthesis mixture, the mass ratio of MP to colloidal silica is

from 1/20 to 2/1, from 1/20 to 1/5, or from 1/10 to 1/2. Suitable carbon precursor include pitch.

[0013] Iin an embodiment, the synthesis mixture further comprises at least one
of a surfactant, a binder or a plasticizer. In an embodiment, the synthesis mixture
further comprises a surfactant. In an embodiment, the surfactant is thermo-
decomposable. In an embodiment, the surfactant is selected from the group
consisting of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) block
copolymer (PEO-PPO-PEQ), Polysorbate 80, partially-hydrolyzed polyvinyl alcohol
(PVA) and combinations thereof. In embodiments, the mass ratio of the surfactant to
the carbon precursor is from 1/100 to 100/1 or from 1/10 to 10/1.

{0014] In an embodiment, the synthesis mixture further comprises a binder. In
embodiments, the binder is water soluble or comprises water soluble moieties. In a
further embodiment, the binder is thermo-decomposable. In an embodiment, the
binder is selected from the group consisting of poly(vinyl butyral-co-vinyl alcohol-co-
vinyl acetate), polyacrylamide, polyvinyl alcohol (PVA), partially-hydrolyzed polyvinyl
alcohol (PVA) and combinations thereof. In an embodiment, the mass ratio of
inorganic material to binder is from 1/10 to 10/1.

[0015] In an embodiment, the synthesis mixture further comprises a plasticizer.
In-an embodiment, the plasticizer is selected from the group consisting of water,
polyethylene glycol, polyol, polyamine or a combination thereof. In embodiments,
the mass ratio of the plasticizer to the inorganic material is from 1/10 to 10/1, or from
1/5to 5/1, or 1/1 to 3/1,
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[0016] In an embodiment, the synthesis mixture comprises polyvinyl alcohol
(PVA), functioning as both the surfactant and the binder. In an embodiment, the
polyvinyl alcohol is partially hydrolyzed. In an embodiment, the synthesis mixture
further comprises 1,3-propanediol (PD), functioning as both the dispersant and the
plasticizer. In embodiments, within the synthesis mixture, the mass ratio of colloidal
silica to PVA is in the range from 1/10 to 50/1, or from 1/5 to 5/1. In embodiments,
within the synthesis mixture, the mass ratio of colloidal silica to PD is from 1/10 and
100/1, 1/5 to 5/1. In an embodiment, other reagents are added into the mixture to

improve the properties of intermediate and final products.

[0017] In an embodiment, the mixture further comprises one or more additional
additives. In embodiments, the additive is a liquid or a solid. Solid additives include,
but are not limited to particulate materials and fibrous materials. In an embodiment,
fibrous additives include, but are not limited to, carbon fibers and glass fibers. Inan
embodiment, the additive is selected from the group consisting of an alcohol, a
phenolic (e.g. a phenol), an iron compound, a silicon compound other than silica, a
titanium compound other than titania, carbon nanotubes, graphene, graphene oxide,
carbon nanofibers, a polymer, and a plastic. In an embodiment, the additive is an
alcohol. In an embodiment, the additive is n-butanol. In embodiment the weight
percentage of the additive within the mixture is less than 50%, less than 10%, from
1% to less than 50%, from 1% to less than 10%, or less than 10%.

[0018] In an embodiment, a carbon precursor mixture comprising the carbon
precursor material and a first additional component and an aqueous inorganic
particulate mixture comprising the inorganic particulate material and water are
formed separately and then combined. In an embodiment, the carbon precursor
material and the first additional component are both solids and are mechanically
milled or ground together to form the carbon precursor mixture. In an embodiment,
the carbon precursor material is in particulate form and the mechanical milling or
grinding process also reduces the particle size of the precursor material. Inan
embodiment, the first additional component comprises a water soluble polymer. Ina
further embodiment, the weight average molecular weight (M) of the polymer is from
5,000 to 50,000 or from 10,000 to 40,000. In an embodiment the water soluble
polymer is polyvinyl alcohol (PVA) or partially hydrolyzed PVA. In an embodiment,
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the water soluble polymer functions as a binder in the composite film. In a further
embodiment, the water soluble polymer performs additional functions in the
synthesis mixture, such as acting as a surfactant. In an embodiment, this water
soluble polymer is substantially removed from the composite film during the
carbonization step such that less than 5 wt% or less than 10 wt% of the binder
component remains after carbonization is complete. In embodiments, the mass
ratio of the water soluble polymer to the carbon precursor in the synthesis mixture is
from 1/100 to 100/1 or from 1/10 to 10/1.

[0019] Inan embodiment, the aqueous inorganic particulate mixture comprises a
second additional component. In an embodiment, the second additional component
is an alcohol, In an embodiment, the weight percentage of the second additional
component within the mixture is fess than 50%, less than 10%, from 1% to less than
50% or from 1% to less than 10%.

[0020] In an embodiment, the aqueous inorganic particulate mixture comprising
the inorganic particulate material and water further comprises a third additional
component selected from polyethylene glycol, polyol, or polyamine. In an
embodiment, the third additional component is a polyol. In an embodiment, the
polyol is 1,3 propanediol. In embodiments, the mass ratio of the plasticizer to the
inorganic material in the synthesis mixture is from 1/10 to 10/1, or from 1/5 to 5/1, or
from 1/1 to 3/1.

[0021] In a further embodiment, the aqueous inorganic particulate mixture further
comprises a stabilizing component for the suspension or slurry, In an embodiment,
the stabilizing agent is a cationic stabilizer.

[0022] In different embodiments, the synthesis mixture is deposited on the
substrate by tape casting, spin casting, dip coating, spray coating, screen printing,
roll coating, gravure coating or by other means as known in the art. When tape
casting is used, the layer thickness may be adjusted by adjusting the component
concentration of the ink or by adjusting the gap between the doctor blade and the
substrate. [n an embodiment, the thickness of the film is from 0.1 pym to 10 mm.
Suitable substrates include, but are not limited to, glass, plastics, metal or a ceramic.
In an embodiment, a reinforcing material, such as a grid or fabric, is incorporated into
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the carbon-based material by depositing the synthesis mixture over the reinforcing

material.

[0023] In different embodiments, water is removed from the film after deposition
through exposure to ambient atmosphere at ambient temperature (e.g., room
temperature, 15°C to 25°C) for less than 1 hour to more than 2 days. In other
embodiments, the cast ink may be dried under a range of humidity or other vapor
atmospheres at different temperatures. During the drying step, not all of the water
need be removed from the film. In an embodiment, the film after drying but before
carbonization is gel-like or plastic in nature. In an embodiment, the film is separated
from the substrate after drying and prior to subsequent processing steps.

[0024] In an embodiment, the film is heated to produce a composite film
comprising carbon and the inorganic particulate material. In an embodiment, the film
is carbonized by heating to a temperature of 500°C to 1500°C. In embodiments, the
film is held at this temperature for a time from 0.1 to 48 hours or for about two hours.
In an embodiment, the film is preheated prior to exposure to the carbonization
temperature. In an embodiment, the temperature of the film is gradually increased to
the carbonization temperature during the preheating step. In an embodiment, the film
is exposed to a temperature from 500°C to 1500°C for 0.1 to 48 hours. In a further
embodiment, the film is exposed to a temperature of 100°C to 500°C for 0.1 to 48
hours prior to exposure of the film to a ternperature from 500°C to 1500°C. In an
embodiment, the temperature to which the film is exposed is increased from room
temperature at a ramp rate of 0.1 to 100 °C/minute or 1°C/minute to 10 °C/minute .
In another embodiment, the heating step combines gradual increases in the
temperature with one or more hold times at intermediate temperatures (e.g., holding
at 400°C for 0.1-10 hours). The film may be partially constrained during the
preheating and/or carbonization steps. In an embodiment, the film is placed
between two plates. In an embodiment, the plates are porous. In an embodiment, a
plurality of films undergo preheating and/or carbonization at the same time, In an
embodiment, a film is placed between two other films during the preheating and/or
carbonization steps. In an embodiment, the film is held under pressure during
carbonization; in an embodiment, the pressure varies during the carbonization step.
In an embodiment, the heat treatment takes place in a non-oxidative atmosphere. In
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different embodiments, the heat treatment may be conducted in an atmosphere of
nitrogen, helium, argon or mixtures thereof. In an embodiment, the heat freatment
may be conducted in an oxidative aimosphere (e.g., air} for a certain time. The
resulting composite film may be cooled prior to subsequent processing.

[0025] In an embodiment, at least a portion of the particulate “template” material
is removed from the composite film by dissolving the template material from the
composite film. The size and shape of the pores within the films can be adjusted by
selecting the particle size and shape of a removable template material. In different
embodiments, an acidic or a basic solution is used to dissolve the template material.
In different embodiments, the composite film is exposed to the solution for sufficient
time to dissolve most of the template, at least 90 vol% of the template, or at least 95
vol% of the template. In an embodiment, the porous film is washed following
synthesis. In another embodiment, the porous film is dried following washing and/or
dissolution of the template.

[0026] Inan embodiment, the specific surface area of the porous carbon-based
film is 1 m?/g -2000 m?g or 10 m?/g -1000 m*/g.

[0027] In another aspect, the post-synthesis films are loaded with a catalyst. In
an embodiment, the films are loaded with catalyst using one or more than one of the
methods known in the art, such as sputter-coating or electro-deposition. In an
embodiment, a wet impregnation method is used to introduce a catalyst into the film.
For example, a chloroplatinic acid solution can be used to introduce platinum into the
NCF. Inan aspect, the invention provides a supported catalyst comprising a
nanoporous carbon-based film of the invention, and metallic nanoparticles including
Pt group metal nanoparticles (NPs), Pd NPs, Ir NPs, Ni NPs, Au NPs,Ru NPs, Rh NPS, or other
metals, such as Ni NPs or Co NPs, or a combination thereof. In an embodiment, the
ssupported catalyst can also be a metal oxide e.g., Ir oxide, Ru oxide, Ni oxide, Ti
oxide, Ta oxide, Co oxide, Fe oxide eic. or combination of oxides. in an embodiment,
the metal oxide is given by the formula RuOx , IrOx, TiOx, TaOx, CoOx, FeOx, ,
where x indicates the amount of oxygen in the compaosition. In an embodiment, the
metallic or metal oxide nanoparticles are attached to the surface of the carbon-based
film. In embodiments, the metallic or metal oxide nanoparticles have a size from 1
nm to 100 nm, from 1 nm to 50 nm, from 1 nm to 25 nm, from 2 nm to 10 nm, or from

9
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2 nmto 5 nm. In embodiments, the catalyst loading is from 10 wt% to 50 wt%, from
10 wit% to 40 wi%, from 20 wit% to 50 wt% or from 20 wt% to 40 wt%.

[0028] In another aspect, the invention provides modified carbon-based films,
including nanoporous carbon-based films, wherein the carbon-based films are
modified with a bio-material. In an embodiment, the bio-material is selected from the
group consisting of enzymes, proteins, antibodies, bacteria, DNA, RNA, and
combinations thereof In another embodiment, the invention provides a supported
catalyst comprising a nanoporous carbon film of the invention and an enzyme or
other bio-material attached to the surface of the carbon-based fiim. The bio-material
may stick to the surface of the carbon or may be attached through conjugation.

[0029] Inanother aspect, the invention provides modified carbon-based films,
such including nanoporous carbon-based films wherein the films are doped with
nitrogen; boron, phosphorus, or a combination thereof. The film may be doped in the
framework, on the surface, or a combination thereof,

[0030] In an embodiment, the post-synthesis films are functionalized by attaching
functional groups to the surface. In an embodiment, the functional groups are
selected from the group consisting of pentafluorophenyl, aminophenyl, nitrophenyi,
phenyl suifonic acid, and combinations thereof.

[0031] In an embodiment, the post-synthesis films are heat treated in an inert
atmosphere. In an embodiment, the post-synthesis films are heat treated in a non-
inert atmosphere. In an embodiment, the films are heat treated at a temperature up
to 3000 °C in an inert atmosphere. In an embodiment, the heat-treated films are
further surface modified with different functional groups.

[0032] In an embodiment, the porous carbon-based films of the invention are
electrically conducting. In an embodiment, the porous carbon-based films of the
invention display an electrical conductivity of 0.001-1000 S/em or from 2 to 10 S/cm.
In an embodiment, the porous carbon films of the invention are proton conducting,
after surface modification with proton-carrier groups.

[0033] In an embodiment, the nanoporous carbon-based films of the invention
display capacitive properties. In an embodiment, the total gravimetric capacitance

10
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values (double-layer and pseudo-capacitance together) are from 0.1 to 500 F/g. In
an embodiment, the ratio of pseudo-capacitance to double-layer capacitance is from
0 to 1. This ratio reflects the functional group density of the carbons, i.e., the higher

the ratig, the higher the surface functional group density.

In another aspect, the invention includes a gas diffusion layer of a fuel cell comprising a

nanoporous carbon based film described herein.
BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIGS 1A, 1Band 1C. 1A) An example of a pristine tape-cast nanoporous
carbon film (NCF), formed using mesophase pitch (MP), polyvinyl alcohol (PVA), 1,3-
propanediol (PD), and silica on a glass substrate. { 1B) A piece of the NCF having a
pore size of 80 nm after carbonization and silica removal, with (1C) showing that the
film is very flexible.

[0035] FIGS 2A-2B. Field-emission scanning electron microscopy (FE-SEM)
images of the cross-section of NCF-50 tapes (with nominal pore size of 50 nm) at
(2A) low (1000 times) and {2B) high (500,000 times) magnifications.

[0036] FIGS 3A-3B. FE-SEM images of the surface of NCF-50 tapes at {a) low
(5000 times) and (b) high (100,000 times) magnifications.

[0037] FIG 4. FE-SEM image of the porous walls of NCF-7 (with nominal pore
size of 7 nm) at a magnification of 460,000 times. Individual 7 nm pores are circled in
a dashed red line and some pore walls are pointed at by red arrows.

[0038) FIG 5. Cyclic voltammogrametric (CV) responses of NCFs with variable
sized pores (the number following NCF is the pore size in nanometers), as well as
Vulean carbon (VC) particles bound with Nafion, in No-saturated, room temperature,
0.5 M H.SQ,, at a scan rate of 10 mV/s. The gravimetric capacitance (Cs) was
obtained by integrating the full CV charge passed between 0.05 and 1.1 V (vs. RHE),
and dividing the charge by the potential difference of 1.05 V. The estimated specific
surface area (Ag) was obtained by dividing the total measured capacitance (C;) by
the value of 0.15 C per real m?, reported for ordered mesoporous carbons [15], while
the surface area of VC was calculated from the nitrogen adsorption/desorption data
using BET analysis [2].
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[0039] FIG 6. CV response (10 mV/s) of a 32 wt. % Pt-loaded NCF with 22 nm
pores in No-saturated 0.5 M H2SO, at room temperature.

DETAILED DESCRIPTION OF THE INVENTION

[0040] As used herein, “carbonize” and grammatical variations thereof refer to
conversion of a carbon-containing source or carbon precursor to form elemental
carbon. A variety of carbon-containing source materials are suitable for the methods
of the invention. In an embodiment, the source or precursor material is mesophase
carbon pitch. In an embodiment, mesophase pitch is a pitch with a complex mixture
of numerous essentially aromatic hydrocarbons containing anisotropic liquid-
crystalline particles (carbonaceous mesophase) detectable by optical microscopy
and capable of coalescence into the bulk mesophase (PAC, 1995, 67,

473 (Recommended terminology for the description of carbon as a solid (IUPAC
Recommendations 1995)) on page 496, doi: 10.1351/pac199567030473). In an
embodiment, a mesophase pitch“carbon precursor is selected from the group
consisting of naphthalene-based pitch, coal-based pitch, oil-based pitch, and other-
source-based pitches. Other suitable sources of carbon include, but are not limited
to, carbohydrates (e.g., sucrose), polymers (e.g., phenol formaldehyde resins),
polycyclic aromatic hydrocarbons (e.g., anthracene and naphthalene), and other
organic compounds.

[0041] A range of inorganic materials may be used as templates. Inan
embodiment, the template material is silica-based. In an embodiment, the silica-
based template is colloidal silica. In an embodiment, the colloidal silica is provided in
the form of a suspension. Similarly, other silica (or other solid metal oxides)
templates, such as hexagonal mesoporous silica (HMS, e.g., SBA-15), may be used
to diversify the nanoporous structure of the films. In addition, other types of solid
oxides and colloids thereof, such as alumina, titania, etc., are suitable for use as a
templating reagent in the synthesis of the films. In an embodiment, the solid oxides
can be generated in-situ during the ink preparation, by hydrolyzing or nucleating the
precursors of the solid oxides, e.g., tetraethyl orthosilicate (TEOS) to form colloida!
silica. In an embodiment, the templates are recycled. For example, the silicates
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generated from the dissolved templates in agueous NaOH solutions may be used to
synthesize the colloids, and hexafluorosilicic acid (H.SiFg), if hydrofiuoric acid is
used as the removing reagent, may also form silica colloids when it is neutralized.

[0042] In an embodiment, the synthesis mixture further comprises additional
components. Additional components include, but are not limited to carbon, inorganic
solids, nanomaterials, surfactants, binders, plasticizers, stabilizers, and other
additives. . As used herein, a thermo-decomposable or thermally decomposable
component, such as a surfactant or binder, decomposes or volatilizes at the
temperature used in the carbonization step. In-an embodiment, the synthesis
mixture further comprises incompletely-hydrolyzed polyvinyl alcohol (PVA), used as
both a surfactant and binder. In an embodiment, the extent of hydrolyzation is 80%
to 90%. In an embodiment, the incompletely hydrolyzed PVA has a relatively low
weight molecular weight (Mw), such as from about 5,000 to about 50,000 or from
about 10,000 to about 40,000. In an embodiment, the synthesis mixture further
comprises of a polyol, such as 1,3-propanediol (PD), used as the dispersant and
plasticizer. In an embodiment, ammonium or other reagents are added into the
mixture to stabilize the slurry. In an embodiment, the synthesis further comprises
reagents, such as KOH for creating micopores in carbon. In additional
embodiments, Fe complexes, or other catalysts, are added to the ink in order to
make the nanoporous carbon-based films more graphitic at a lower carbonization
temperature. Other additives improve the nanoporous carbon-based film properties,
e.g., boron for corrosion resistance.

[0043] A variety of substrates are suitable for use in the methods of the invention.
In an embodiment, preferred substrates are smooth and/or flat. The substrate may
be surface treated before casting the ink. When using a metallic substrate (e.g., Sn
and Al), an electrical potential can be applied to the cast ink.

[0044] In an embodiment, the drying step produces a gel-like or plastic film
comprising templating particles distributed in a matrix comprising the carbon
precursor, surfactant, binder, plasticizer, and other additives. The distribution of the
templating particles within the matrix need not be unitorm. For example, settling of
the particles can result in a higher volume fraction of particles near the substrate. In
addition, some aggregation of the template particles can occur, especially for smaller
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template particle sizes (e.g., less than 20 nm). If close packed structures of the
template particles form, such as through particle settling and/or aggregation,
penetration of the carbon precursor into the close-packed structure can be limited.

In anh embodiment, distribution of the template particles within the matrix is improved
through use of reagents to adjust the pH of the synthesis mixture and/or through use
of reagents to improve the suspension of the template particles in the mixture.

[0045] In anembodiment, each stage of the nanoporous carbon-based film
preparation is controlled to minimize damage due to shrinkage or expansion during
the carbonization step. in other embodiments, rapid changes during the heating
step may be used to generate unique structures within the films.

[0046] Inanembodiment, the precursor films are sandwiched between plates
during the heating process. An ideal holder for the precursor films applies little
friction to the nanoporous carbon-based films, while also being porous so that any
volatiles can be removed from the films quickly. In an embodiment, carbon-coated
alumina plates are used to sandwich the film.

[0047] Inan embodiment, carbonaceous regions in the film are interconnected to
form a porous structure and a binder is not required to conjoin the carbonacecus
regions of the carbonized film. According to the model of close-packing of spheres
for the colloid-imprinting method, the carbon wall thickness is linearly dependent on
the pore size. The 3-dimensional inter-connectivity of the pores can be sacrificed to
increase the wall thickness of small diameter pores by preventing the colloids from
close packing. If desired, methods to thicken the carbon walls and also 1o retain the
3-dimmensionally connected pores include, but are not limited to, increasing the MP
content of the precursor films and using partially surface-functionalized carbon to
serve as spacers, thus lowering the density of the pores in the nanoporous carbon-
based films (equivalent to thickening the carbon walls). If desired, methods to thin
the carbon walls and also to retain the 3-dimensionally connected pores include, but
are not limited to, decreasing the MP content of the precursor films and adding the
precursor of templates to decrease the volume among template particles, thus
thinning the pore walls of the nanoporous carbon-based films.
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[0048] As used herein, with respect to the pore structure of a film, “nanoporous”
refers to pores having diameters ranging from < 1 nm up to about 100 nm. inan
embodiment, a nanoporous film comprises nanopores, but may also comprise some
larger peres. In another embodiment, the nanoporous film has a narrow pore size
distribution. In different embodiments, the synthesis methods, modification, and
applications of the nanoporous carbon films, as described in this patent, are also
able to be used for carbon films with pores smaller than 2 nm or larger than 100 nm.

[0049] In an embodiment, the pores within the films are interconnected 3-
dimensionally. In an embodiment, formation of 3-dimensionally interconnected
pores is facilitated by sintering of template materials. In an embodiment, the
temperatures used during the carbonization step cause sintering of silica colloids
during the carbonization step. In another embodiment, additives are used in the
slurry preparation to promote the formation of 3-dimensionally interconnected
template materials, and hence pores. In an embodiment, tetraethyl orthosilicate
(TEOS) or other oxide precursors are used as an additive for this purpose; these
components can be used in combination with silica colloids. A variety of methods for
measuring pore size are known to the art, including microscopy analysis (such
scanning electron microscopy (SEM) and transmission electron microscopy (TEM)).
Pore connectivity can be assessed through microscopy and gas adsorption
isotherms.

[0050] Inanembodiment, a basic solution is used to dissolve the template
material. Suitable basic solutions include, but are not limited to, NaOH solutions. In
an embodiment, an acidic solution is used to dissolve the template material.
Suitable acidic solutions include, but are not limited to, HF. In an embodiment, the
basic solution is 0.001 M to 18 M NaOH. In an embodiment, the acidic solution is
0.001 wt% to 100 wt% HF. in an embodiment, the dissolution time is from 0.01 hour
to 10 days and often about 2 days. The dissolution may be conducted at a
temperature greater than ambient or room temperature. In an embodiment, the
dissolution temperature is up to the boiling point of the basic or acidic solution. The
dissolution may be conducted under an inert atmosphere or non-inert atmosphere,

e.g., in air.
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[0051] Nanoporous carbon-based films can be supported by other materials in
order to achieve higher mechanical strength or electrical conductivity. In an
embodiment, carbon fiber paper (CFP) is used as a support because of its similar
chemical composition, good compatibility, similar thermal extension coefficients, and
high-temperature stability (under an inert atmosphere). In an embodiment, the
carbonized nanoporous carbon-based film (before or after removing silica) is
attached to CFP with PVA (or other binders), followed by pyrolysis of the PVA (or the
pbinder). Other materials {(e.g., MP) may be added to the PVA solution (even
replacing it) for the purpose of attaching the nanaporous carbon-based films onto a

support.

[0052] The nanoporous carbon-based films can be loaded with various catalysts,
such as Pt nanoparticles and enzymes for organic and biological synthesis. The
catalysts can be loaded directly onto the self-supporting nanoporous carbon-based
film, or on the supported films. The catalysts can be loaded onto the surfaces of the
nanoporous carbon-based film using methods known to the art, such as wet
impregnation, sputter-coating, precipitation, electrodeposition, and so on. In an
embodiment, the catalysts are distributed within the nanoporous carbon-based films
in a graded manner, either through the nanoporous carbon-based film or along its
length, or in other patterns.

[0053] This paragraph is intentionally left blank.

[0054] Although the description herein contains many specificities, these should
not be construed as limiting the scope of the invention but as merely providing
illustrations of some of the presently preferred embodiments of the invention. Thus,
the scope of the invention should be determined by the appended claims and their
equivalents, rather than by the examples given.

[0055] When a Markush group or other grouping is used herein, all individual
members of the group and all combinations and subcombinations possible of the
group are intended to be individually included in the disclosure.

[0056] Every formulation or combination of components described or exemplified
can be used to practice the invention, unless otherwise stated. Specific names of
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compounds are intended to be exemplary, as it is known that one of ordinary skill in
the art can name the same compounds differently. When a compound is described
herein such that a particular isomer or enantiomer of the compound is not specified,
for example, in a formula or in a chemical name, that description is intended to
include each isomers and enantiomer of the compound described individual or in any
combination. One of ordinary skill in the art will appreciate that methods, device
elements, starting materials, and synthetic methods, other than those specifically
exemplified can be employed in the practice of the invention without resort to undue
experimentation. All art-known functional equivalents, of any such methods, device
elements, starting materials, and synthetic methods, are intended to be included in
this invention. Whenever a range is given in the specification, for example, a
temperature range, a time range, or a composition range, all intermediate ranges
and subranges, as well as all individual values included in the ranges given are
intended to be included in the disclosure.

[0057] As used herein, “comprising” is synonymous with "including,” "containing,",
“composed of”, or "characterized by," and is inclusive or open-ended and does not
exclude additional, unrecited elements or method steps. As used herein, "consisting
of" does not exclude any element, step, or ingredient not specified in the claim
element. As used herein, "consisting essentially of" does not exclude materials or
steps that do not materially affect the basic and novel characteristics of the claim.
Any recitation herein of the term “comprising”, particularly in a description of
components of a composition or in a description of elements of a device, is
understood to encompass those compositions and methods consisting essentially of
and consisting of the recited components or elements. The invention illustratively
described herein suitably may be practiced in the absence of any element or
elements, limitation or limitations which is not specifically disclosed herein.

[0058] The terms and expressions which have been employed are 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 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
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optional features, modification and variation of the concepts herein disclosed may 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 as defined by the appended
claims.

[0059] In general, the terms and phrases used herein have their art-recognized
meaning, which can be found by reference to standard texts, journal references and
contexts known to those skilled in the art. The preceding definitions are provided to
clarify their specific use in the context of the invention.

[0060] The invention may be further understood by the following non-limiting
examples.

EXAMPLE
[0061] 1. Introduction

[0062] Inthe work described in this example, a scalable method was developed
to prepare self-supporting nanoporous carben films (NCFs), based on colloid
imprinted carbons (CICs) and involving the following steps: 1) casting an aqueous
precursor mixture that includes carbon precursor(s), surfactant(s), silica-based
structure templates, binder(s), plasticizer(s), and additives, on a substrate, 2) drying
the mixture to form a film, 3) heat-treating (carbonizing) the film, and then 4)
removing the silica template. Tape-casting is the preferred method to prepare these
films, as it is applicable for manufacturing at a large scale [7, 16, 17]. The thickness
of the films can be controlled ( e.g. from 100 nm to 1 mm) by changing the
concentration of the aqueous precursor mixture or adjusting the gap between the
doctor blade and the substrate during tape-casting. The pore size of the films in this
example was controlled by using silica nanoparticles with different diameters as the
template, with the pores ranging from 7 nm to 80 nm. The films can be loaded with
catalysts via a wet impregnation method. The synthesized films show very promising
properties and are expected to be applicable in a wide variety of fields.

[0063] 2. Experimental Section

[0064] 2.1 Slurry Preparation
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[0065] One procedure used to prepare nanoporous carbon films with a pore size
of xnm (x=7, 12, 22, 50, or 80) was as follows. 0.100 g mesophase pitch (MP, AR
Grade, Mitsubishi Chemicals, Japan) and 0.200 g n-butanol were mixed in-a 20 mL
low density polyethylene (LDPE) bottle and then ball-milled (70 rpm, 2 hours) using
32 g of alumina balls, each 4 mm in diameter. 5.00 g of 10 wt% polyvinyl alcohol
(PVA, Alfa Aesar, 86-89% hydrolyzed, low molecular weight) in water was then
added to the bottle and this mixture was then ball-milled for another 3 h to produce a
homogeneous MP/PVA ink.

[0066] A colloidal silica suspension (LudoxT-“;l—lS-40, Ludo;—MAS-40, NanoSol-
50508, or NanoSol-50808S, in this case with an average colloid size of x nm, x=12,
22, 50, or 80, respectively), containing 0.5 g of silica, was added to 1.0 g of 1,3-
propanediol (PD) and water (mass ratio: 1:1) to produce a silica suspension. To
obtain a 7 nm sized silica suspension, 1.66 g of Ludox-SM-30 colloidal suspension
was dispersed into 5 g of 30% PD/water solution. (Note: All colloids are stabilized
with Na cations, except Ludox-AS-40, which is stabilized with ammonia, as shown on
their MSDS sheets) The silica suspension was added to the MP/PVA ink and the
mixture was ball-milled for 4 h to obtain the MP/PVA/PD/silica ink (or slurry). The ink
was degassed under house vacuum for 15 min to remove any trapped bubbles
before use.

[0067] 2.2 Carbon Film Preparation

[0068] The slurry was cast on a glass substrate using a casting blade with a
0.010 inch (0.254 mm) gap between the doctor blade and the substrate. After drying
overnight, a pristine composite MP/PVA/PD/silica film (FIG 1A) was obtained. The
film was cut into small pieces and placed between two carbon-coated alumina
plates. This assembly was inserted into an alumina tubular furnace and carbonized
at 900 °C for 2 h in a nitrogen atmosphere, heating at a ramp rate of 0.1-2 °C/min.
Prior to reaching 900 °C, the temperature was held at 400 °C for 2 h. The use of
different heating protocols may lead to differences in the properties of the film
product. For example, too high a heating rate may result in a weak carbon film. After
cooling, the carbonized films were soaked in 3 M NaOH at 80 °C for 2 days to
remove the silica template. Following this, the films were washed with deionized
water a few times to a neutral state and then soaked in diluted HCI for one day to
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remove any Na* ions still attached to the carbon surface. After washing with
deionized water several times, the films were placed in an oven for drying in air at 80
°C overnight. The resuiting self-supporting nanoporous films (FIG. 1B) were stored in
conductive containers, e.g., aluminum covered Petri dishes, to avoid electrostatic
effects. These nanoporous carbon films were labelled as NCF-x, with “x
corresponding to the template silica particle size of x nm.

[0069] 2.3 Catalyst loading

[0070] The carben films can be loaded with Pt using a wet impregnation
procedure [1], with an example as follows. 0.0060 g of HoPtCls:6H:0 was dissolved
in 0.0755 g acetone in a small vial. The chloroplatinic acid solution was added to
0.0041 g of NCF-22 (ca. 7 cm? in geometric area). After evaporation of the acetone
in room conditions, the composite was placed in a tubular furnace and heated to 300
°C under a H, atmosphere over a period of 2 h. The sample was maintained at this
temperature for 2 h under Nz and was then cooled to room temperature. The
obtained sample was named as PYNCF-22, with a Pt content of ~ 32 wt.%.

[0071] 3. Characterization of NCFs

[0072] FIG 1A shows an optical image of the pristine MP/PVA/PD/silica
composite film on a glass substrate, cast using a doctor blade assembly. Clearly, a
large area film can be readily prepared through the tape-casting method. An
example of this type of synthesized NCF is shown in FIG. 1B. FIG. 1Calso shows
that the NCF film is very flexible. After releasing it, the bent film in FIG. 1Cflattens out
again, thus showing very good elasticity, The flexibility of these self-supporting
carbon films is particularly advantageous for some applications, such as in rollable
batteries.

[0073] The prepared NCFs were characterized with field-emission scanning
electron microscopy (FE-SEM), prior to which the sample surfaces were attached
onto conductive carbon tapes. Some examples of the SEM images are shown in
Figures 2-4. FIGS. 2A-2B-show the cross-section of NCF-50. As a typical example of
the NCF tapes, the as-synthesized NCF-50 has a thickness of ca. 15 pm (FIG. 2A)
and well-controlled pores of ca. 50 nm within the films (FIG. 2B). The surface of
NCF-50 is shown in FIGS 3A-3B. 3, demonstrating that the film has a very uniform
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surface (FIG. 3A) and a high density of open nanopores (FIG. 3B). The pores shown
in FIG. 3Bdo not appear perfectly circular because of the direction of imaging. FIG.
4shows the size of the nanopores of NCF-7, as an example of the prepared carbon
films with the smallest colloids used in this example. These results prove the well-
controlled thickness and nanoporous structures of the carbon film of this invention.

[0074] The electrical conductivity of the as-synthesized NCFs was measured with
the van de Pauw method, showing that the NCFs have a conductivity of 2-10 S/cm in
this example.

[0075] The NCFs were also characterized in this example with cyclic voltammetry
(CV), carried out in a three-electrode cell containing 0.5 M H2SOa, a platinized Pt
mesh as the counter electrode, and a reversible hydrogen (RHE) reference
electrode. The CV results are shown in FIG. 5, indicating that the NCFs have a
higher capacitance and thus a higher surface area as compared to the commercial
carbon black (VC). It was also found that, a NCF with a smaller pore size has a
higher capacitance and thus a higher surface area [15], as expected. In FIG. 5, the
template size in nm is indicated by the number following NCF.

[0076] The CV of PUNCF-22 (FIG. 6) suggests a very good distribution of Pt
nanoparticles (estimated particle size of ~4.7 nm) on the nanoporous surface of the
carbon films, based on our previous work [18].

[0077] 4. Other properties and potential applications of the NCFs

[0078] These materials are also useful for nano-filtration [19], for example.
Combined with the structural pores (dia. > 100 nm), the 3-D inter-connected pores
provide many pathways for the mass transfer of fluids passing through the films and
thus lower the possibility of blockage of fluid channels, which is very important for
applications involving multiple phase transfer.

[0079] The edges of the NCFs are typically sealed before using them in a filter
assembly. In a filter assembly, glass/Nylon porous frits can support the films. Even
so, it can be desirable to suppoft the films by carbon fiber paper (CFP) for use in
filtration. To seal the edges of the NCFs, a sealing material that is dense, stiff, but
not brittle, tolerant to various chemicals (as many as possible) and electrical
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potentials, is desired. Desirable precursors are highly viscous liquids exhibiting low
shrinkage at the processing stage. Some suitable sealing materials are pitch-derived
carbon, phenol-formaldehyde resins (PF}), urea-formaldehyde resins (UF),
polypropylene (PP), polybutadiene acrylonitrile (PBAN) copolymer, polybutadiene,
polystyrene, acrylonitrile butadiene styrene (ABS) copolymer, Nylon, Teflon®, etc.

[0080] In an embodiment, the filters of the invention are suitable for electro-
filtration. For example, nanosized silica colloids tend to agglomerate on a filter
paper/membrane and block its pores, significantly slowing down the filtration rate. An
applied electric field can prevent this agglomeration by repelling the charged colloids
from the filter. Conductive filters may aiso discharge electrostatic particulates,
decreasing harmful electrostatic effects.

[0081] Mesophase pitch (MP), which is a by-product of the petroleum industry, is
preferred as the carbon precursor far this work, because MP has a higher
percentage conversion to carbon (ca. 75%) than most other carbon precursors, and
as the formed carbon is denser and more crystalline, as shown for the colloid-
imprinted carbon (CIC) powders in our previous work [1, 2]. This results in dense
pore walls and thus a high strength and conductivity of the NCFs. We have also
shown (FIGS 1A, 1B, 1C) that the NCFs have very good self-supporting
characteristics and good elasticity, as well as good electrical conductivity (2-10
S/cm). These properties make the NCFs a very promising electrode material for
electrochemical applications, such as in super-capacitors and fuel cells.

[0082] Another important advantage of using MP as the precursor is that the
synthesized NCFs are expected to have a high specific density of active sites on
their surfaces, reflected partially by their much larger pseudo-capacitance peaks
than VC in FIG 5. At the imprinting stage, the MP particles, which include polycyclic
aromatic hydrocarbons; deposit in an ordered, close packed fashion on the silica
particle surfaces, according to the literature [20]. After carbonization and removal of
the silica template, the packed planar graphene sheets form the internal walls of the
carbon pores and leave the sheet edges, which are more active than the planar
surfaces, exposed [20]. The high concentration of active sites on the carbon wall
surface enhances the distribution of catalytic nanoparticles [1, 2] and facilitates the
chemical functionalization of the nanopore wall surfaces. These benefits have been
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shown in our work with CIC powders [1, 2]. Another advantage of the presence of
densely packed graphene sheets in the pore walls is that they provide easy access
for lithium ions to intercalate into the space between graphene sheets, which is
impertant for rapid charging/discharging of lithium batteries.

[0083] As discussed above, the surface of the NCFs can be readily functionalized
because of its high density of active sites, further broadening their range of
applications. For example, after functionalization with sulfonic acid groups, the NCFs
can be used as catalysts in organic synthesis. As well, surface-modified carbon films
can be applied in chromatography as a stationary phase to separate species or used
as adsorbents for water cleaning or other purposes. The carbon surface can also be
grafted with chiral or bio-active groups. In combination with the controllable pore size
of the films, the NCFs are useful in pharmaceutical applications as well. After
surface-grafting with basic/acidic groups, the NCFs can also be used as catalyst
layers in low-temperature fuel cells, after loading with catalyst nanoparticles (e.g.,
Pt), where the basic or acidic groups on the NCF surfaces function as immobile ionic

conductors.

[0084] The pore size, surface area and pore volume of the NCFs are controllably
modified by using different templates, carbon precursors, additives, or by changing
the preparation parameters (e.g., heating rates). For instance, high surface areas are
easily achieved by using smali-size silica templates, as suggested by FIG 5. They
are also obtained by selecting carbon precursors that can generate a large surface
area, such as sucrose, or by adding KOH or other reagents that promote the
formation of micropores in carbon. In embodiments, the NCFs are doped with other
elements to modify their properties. For example, the carbon films are doped with
boron by using boric acid as an additive during ball-milling to increase their
resistance to corrosion in oxidizing conditions, or nitrogen to serve in fuel cell

cathodes.

[0085] As in the example demonstrated above, the carbon films can be ioaded
with catalysts for use as novel, non-ink based catalyst layers (in the form of pre-
formed membranes) in fuel cells or other applications. The catalysts include Pt, Pd,
and other catalytic elements/compounds, or their composites, and are in the form of
nanoparticles or nanometer thick layers. The catalysts can be loaded onto the pore
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surfaces of carbon films via impregnation, sputter-coating, precipitation, electro-

deposition, or other catalyst loading methods.

[0086] The three-dimensionally open connected pores of the NCFs maximize the
utilization of their high surface areas and the active surfaces of the loaded catalysts,
by facilitating the mass transport of any involved reagents, no matter if liquid or
gases. The high electrical conductivity of the NCFs is believed to enhance the
current flowing to/from the supported catalysts. As mentioned earlier, the surface of
the NCFs can also be readily functionalized, which should stabilize the loaded
catalyst particles on the carbon surfaces, increasing their durability and performance.

[0087] The robust porous structure of the NCFs facilitates the manufacturing of
the catalysts. A catalyst-loaded NCF can be easily applied in the products. For
example, Pt-loaded NCFs can be used as catalyst layers in PEMFCs by adding
some Nafion solution and then pressing onto a Nafion® membrane to form a catalyst
coated membrane (CCM). The NCFs can also be enforced with carbon fiber paper
(CFP) first and then loaded with Pt nanoparticles. These CFP-enforced NCF
composites, with/without catalyst loading, can be directly used in many applications
without using other mechanical supports. They can be used in organic synthesis,
electrolysis, capacitors, batteries, fuel cells, sensors, solar cells, and other applied
areas where high surface area catalysts are required.

[0088] 5. Application of NCFs in Polymer Electrolyte Fue! Cells
[0089] 5.1 Electrolyte membrane

[0090] Self-supporting Pt-loaded NCF catalyst layers {or a combination of the
catalyst layer and gas diffusion layer) make it possible to minimize the thickness of
the electrolyte membrane separator in polymer electrolyte fuel cells (PEFCs), e.g.,
down to ca. 1 um from the current 50 or 25 pm, retaining the effective separation of
reactants at the same time. Here, the catalyst layer (CL) and the combined
supporting gas distribution layer provide the needed mechanical strength of the cell,
and keep the electrolyte separator in place and prevent it from deforming. As a
result, the mechanical strength of the polymer electrolyte membrane (PEM) becomes
less important than is the case in current PEFC designs. This decrease in the
separator thickness thus significantly lowers the ohmic resistance of the cell, in turn
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increasing the energy conversion efficiency. This also diversifies the kinds of
electrolyte separators that can be used, from commercially available Nafion to other
proton-conducting materials, e.g., metal organic frameworks and solid metal oxides.
However, too thin a separating layer may allow cross-over of the reactants. Thus, a
modified electrolyte layer is used to minimize the diffusion of Hp, Oz, or methanol
through it. The already known methods to enforce Nafion® membranes with stiffer
materials, such as silica or functionalized carbon nanotubes, may be used for this
purpose. It is desirable for the membrane to have self-healing properties, i.e.,
automatically blocking any post-production pinholes. In an embodiment. during the
preparation of a PEFC, the electrolyte sol/gel is cast onto two self-supporting NCF-
based catalyst layers, then pressing them face-to-face to form the membrane
electrode assembly (MEA), which significantly simplifies the preparation of the cells.

[0091] 5.2 Electrolyte within catalyst layer

[0092] Conventionally, protonic ionomers, e.g., Nafion®, are used as a binder
and protonic conductor in the catalyst layer (CL) of a PEFC. However, it has been
found that Nafion can re-orient on carbon or Pt surfaces to form a super-hydrophobic
surface, which is unexpected, as Nafion is expected to be a proton conductor and
water is essential for proton conductivity. The long hydrophobic backbone of Nafion
hinders the movement of the sulfonic acid side-chains and thus decreases the proton
conductivity, particularly at lower operating temperatures. By using a NCF-based
catalyst layer, a binder will no longer be needed, and thus ditferent electrolytes can
be used to improve the mass transport of protons and reactants through the catalyst
layers, replacing Nafion in current CL designs.

[0093]  Within the CLs made of NCFs, an ideal electrolyte possesses the following
characteristics: transfer protons from the electrolyte membrane into the catalyst
layer, onto the catalyst surfaces, or in the opposite direction, with high efficiency;
reach all of the catalyst sites, allowing full proton conductance through the catalyst
layers; facilitate diffusion of reactant molecules (Hz, Oz, methanol, formic acid, etc.)
and products (water, CO5, etc.); allow effective proton transfer over a wide range of
humidity and temperature. Stability of the electrolyte within the catalyst layer is also
important, with no diffusion into the gas diffusion layer. For these reasons, it is
desirable to bond the electrolyte onto the surface of NCFs, as reported for other
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carbon surfaces [21], which is also expected to increase the carbon corrosion
resistance. Similar to the structure above, desirable electrolytic groups include -
(CF2),-0-S03H, where n = 4-10, and tetrafluorophenyl sulfonic acid (Scheme 1),
where sulfonic acid may be replaced by phosphonic acid. These electrolyte groups
can be covalently bonded onto the pore surface of the NCFs to promote proton

conductivity and corrosion resistance in PEFCs.

(@ K F (b} F F {¢)
SO3H O (CH,);50:H {CH),080:H
F F F F

Scheme 1. Molecular structures of surface functional groups.
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CLAIMS

We claim
1. A method for synthesis of a porous carbon-based film, the method comprising the steps
of:

a) forming a mixture comprising particles of an inorganic material, a carbon precursor
material, at least one surfactant, at least one binder, and water;

b) forming a layer of the mixture on a substrate;

¢) removing water from the layer to form a film;

d) removing the film from the substrate;

e) heat treating the film for a time sufficient to decompose the at least one surfactant and
at least one binder, and to convert the carbon precursor in the film to carbon, thereby forming a
composite film comprising carbon and the particles of inorganic material; and

f) removing the particles of inorganic material from the composite film, thereby forming a

porous carbon-based film.

2. The method of claim 1, wherein the porous carbon-based film is self-supporting.

3. The method of any one of claims 1-2, wherein the porous carbon-based fiim is a

nanoporous carbon-based film.

4. The method of any one of claims 1-3, wherein the inorganic material is a metal oxide.
5. The method of claim 4, wherein the inorganic material is colloidal silica.
6. The method of any one of claims 1-5 wherein the particles of inorganic material are

spherical in shape.

7. The method of any one of claims 1-6, wherein the average size of the particles of the

inorganic material is 1 nm to 10 um.

8. The method of any one of claims 1-6, wherein the average size of the particles of the

inorganic material is 2 nm to 100 nm.
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9. The method of any one of claims 1-8, wherein the carbon precursor is carbon-generating
materials selected from the group consisting of pitch, carbohydrate, alcohol, polymer, oligomer,

polycyclic aromatic hydrocarbons, and combinations thereof.

10. The method of claim 9, wherein the carbon precursor comprises a polycyclic aromatic

hydrocarbon.

11. The method of claim 9, wherein the carbon precursor is a pitch.

12. The method of claim 11, wherein the carbon precursor is a mesophase pitch.

13. The method of any one of claims 1-12, wherein the mass ratio of the carbon precursor to

the inorganic material is in the range from 1/50 to 5/1.

14. The method of claim 13, wherein the mass ratio of the carbon precursor to the inorganic

material is in the range from 1/10 to 1/2.

15. The method of any one of claims 1 to 14, wherein the surfactant is selected from the group
consisting of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymer
(PEO-PPO-PEQ), Polysorbate 80, partially-hydrolyzed polyvinyl alcohol (PVA), and combinations

thereof.

16. The method of claim 15, wherein the surfactant is partially-hydrolyzed polyvinyl alcohol
(PVA).

17. The method of claim 15 or 16, wherein the mass ratio of the surfactant to the carbon

precursor is from 1/100 to 100/1.

18. The method of claim 17, wherein the mass ratio of the surfactant to the carbon precursor
is from 1/10 to 10/1.

19. The method of any one of claims 1 to 18, wherein the binder is water-soluble.

30

Date Regue/Date Received 2022-03-22



20. The method of any one of claims 1 to 19, wherein the binder is selected from the group
consisting of poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate), polyacrylamide, polyvinyl

alcohol (PVA), and combinations thereof.

21. The method of claim 20, wherein the binder is polyvinyl alcohol (PVA).

22. The method of any one of claims 1 to 21, wherein the mass ratio of inorganic material to
binder is from 1/10 to 10/1.

23. The method of any one of claims 1-22, wherein the mixture further comprises at least one

plasticizer.

24. The method of claim 23, wherein the plasticizer is selected from the group consisting of

polyethylene glycol, polyol, polyamine and a combination thereof.

25. The method of claim 23, wherein the plasticizer is 1 ,3-propanediol.

26. The method of any one of claims 23-25, wherein the mass ratio of the plasticizer to the

inorganic material is from 1/10 to 10/1.

27. The method of any one of claims 1-26, wherein the mixture further comprises one or more
additives, selected from the group consisting of an alcohol, a phenolic additive, an iron compound,
a silicon compound other than silica, a titanium compound other than titania, carbon nanotubes,

graphene, graphene oxide, carbon nanofibers, a polymer, and a plastic.

28. The method of claim 27, wherein the additive is n-butanol.

29. The method of claim 27, wherein the weight percentage of the additive, within the mixture

is less than 50%.

30. The method of claim 27, wherein the weight percentage of the additive within the mixture

is less than 10%.
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31. The method of any one of claims 1-30, wherein the water content of the mixture is from
1% to 99% in weight.

32. The method of claim 31, wherein the water content of the mixture is from 40% to 90% in

weight.

33. The method of any one of claims 1-32, wherein the film is exposed to a temperature from
500°C to 1500°C for 0.1 to 48 hours in step e).

34. The method of claim 33, wherein the temperature is increased from room temperature to
a temperature from 500°C to 1500°C at a rate of 0.1 °C /min to 100°C /min.

35. The method of claim 33, wherein the film is exposed to a temperature of 100°C to 500°C
for 0.1 to 48 hours prior to exposure of the film to a temperature from 500°C to 1500°C in the step

e).

36. The method of any one of claims 1-35, wherein the film is placed between two plates

during step e).

37. The method of any one of claims 1-35, wherein the film is placed between two other films

during step e).

38. The method of any one of claims 1-37, wherein the film is held under a pressure during

step e).

39. The method of claim 38, wherein the pressure varies during step e).
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