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COMPOSITE MATERIALS

Field of the Invention

The present invention relates to 2D-material based composite materials such as aerogels and
particularly, although not exclusively, to deposition of nanoparticles on 2D-material based aerogels. Also

described are methods for manufacturing such materials.

Background

The morphology, size, placement and stability of deposited materials can have a strong influence on their
properties. The ability to deposit useful materials onto a three-dimensional material, which itself has
interesting properties, leads to valuable composite materials with unique combinations of properties.
Control of this deposition is also desirable. For example reducing the size of a metal catalyst to miniscule
particles on supports is an efficient approach to expose more catalytic active sites as it maximizes the
amount of the catalytically active species within the limited surface area. The epitome in metal utilisation
is to engineer single metal atoms on appropriate supports to reduce the overall metal loading needed for
catalysis, whilst improving the efficiency and selectivity of reactions. The reasoning behind this is the low
coordination nature of a single metal atom which potentially induces high chemical activities, as long as

these sites can be rendered active for extended durations.

The high cost and natural scarcity of some metal catalysts, such as platinum, limit their large-scale use.
Several attempts have been made to prepare single-atom catalysts (SACs) to minimize the amount of
metal required to catalyse reactions efficiently. These attempts, however, still have much room for

improvement.

In Nature Communications. 7, Article number: 13638 (2016), single Pt atoms are deposited on nitrogen
doped graphene nanosheets by atom layer deposition. The single atom platinum catalysts were used in

the hydrogen evolution reaction (HER).

Chemical Engineering Journal, 244 (2014) 160-167 describes the synthesis of graphene-carbon sphere

hybrid aerogel with silver nanopatrticles and its catalytic and adsorption applications.

Nano Research, 2017, 10(5), 1662-1672 describes synthesis of three-dimensionally cross-linked
graphene/TiO2 composite by mixing titanium tetraisopropoxide with graphene, water and ethanol in a top-

down approach. The titanium must be added before the formation of the three-dimensional material.
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Applied Catalysis B: Environmental, 201 (2017) 85-95 describes a one-step hydrothermal synthesis of
porous 3D reduced graphene oxide/ TiO2 aerogel for carbamazepine photodegradation in aqueous

solution. Once again, the titanium must be added before the formation of the three-dimensional material.

Chemical Engineering Journal, 242 (2014) 96-101 describes the synthesis of TiO2-Pt aerogels by
immersing TiO2 gels in Pt colloidal solutions and drying the gels in carbon dioxide under pressure and

heat.

Angew. Chem. Int. Ed. 2015, 54, 11433-11437 uses freeze casting assembly with dicyandiamide to form

a graphitic-CaN4 foam followed by hydrothermal reduction.

Applied Catalysis B: Environmental, 200 (2017) 666-672 forms AgsNOs nanoparticles within three-
dimensional graphene aerogels by a facile in situ ion filtration-precipitation method followed by freeze
drying.

Electrochimica Acta, 135 (2014) 208-216 describes a sol-gel method for making an aerogel having FezO4
and MnO deposits. Such methods form the aerogel ‘concurrently’ with deposition: there is no deposition
on a pre-existing aerogel material, or specific deposition step. The TEM images provided demonstrate
very little dispersion of the active materials. The sol-gel method does not allow control of deposition
distribution or amount, meaning a lack of homogeneity. Where active material is deposited, it is in

relatively large agglomerations.

Energy Environ. Sci, 2018, 11, 1280 describes another sol-gel deposition method. The sol-gel created
product is of active materials PANI and MnO: on a reduced graphene oxide aerogel. As mentioned
above, the sol-gel synthesis method does not allow deposition on an existing aerogel. Nor is there
control of active material deposition distribution or amount, leading to a non-homogenous distribution of
active materials. Relatively large agglomerations of active material are formed, with no way to control

deposition amount.

Chinese J. Polym. Sci., 2020, 38, 514521 describes a further sol-gel synthesis method. It suffers the
same problems as mentioned above: with no possible way to control where and how much active material
is deposited, the products do not display homogenous deposition and where deposition occurs there are

relatively large agglomerations rather than, for example, single atoms.
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Journal of Materials Science. Materials in Electronics, (2020) 31:1236-1246 describes a procedure
wherein graphene oxide, carbon nanofiber slurry and MnO: are mixed, transferred to an autoclave and
then heated to form a graphene/nanocellulose/MnO: hydrogel. Freeze-drying and carbonization forms a
graphene/nanocellulose/MnO2 aerogel. Much like the sol-gel methods mentioned above, this technique
mixes all precursors together before aerogel synthesis. No pre-existing aerogel is used (or could be
used). It is also apparent that there is no control of where, or how much, MnO: is deposited/present on
the various parts of the resultant aerogel. No homogeneity can be observed or assumed based on the

method and images provided. It seems that larger MnO:z deposits are formed.

US20100230298 describes an electrochemically driveable actuator including a nanoporous carbon

aerogel composition.

WO2017182860 describes a method for producing simultaneously in an aqueous medium two distinct
populations of nanomaterials, for example based on graphene, with capacitive properties, electrolytic

properties and different and adjustable redox properties.

US20150340170 describes a three-dimensional graphene composite made by electrodepositing

nanoparticles onto the surface of graphene foam.

CN105140046A describes preparation of a manganese dioxide/graphene composite material by stirring a

graphene aerogel with manganese salt in water.

CN109201101A describes preparation of porous nitrogen doped graphene aerogel with large surface

area and preparation of nanoclusters of gold with nitrogen-doped graphene aerogel as a precursor.

There remains a need to develop techniques which enable the controlled deposition of useful materials

onto 2D-material based aerogels.

The present invention has been devised in light of the above considerations.

Summary of the Invention

The present inventors have considered a porous 2D-material based matrix with high electrical
conductivity, good mechanical stability and confined microenvironment to be an ideal platform to stabilise

isolated atom and molecule centres for many uses including electrocatalysis, super capacitors, gas
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sensors, optical catalysis and chemical sensors. However the hydrophobic nature of graphene and other

2D-material based aerogels has made it difficult to load platinum on aerogels via a wet approach.

The present inventors have devised a method to deposit a variety of different metals or materials onto a
2D-material based aerogel in a controllable manner. This control means that the deposition can be
performed reliably and evenly across the entire surface of the aerogel. That is, deposition may be
uniform, and may be on the whole aerogel surface, if desired. This homogeneity of deposition allows, as

explained below, for more efficient utilisation of the properties of the deposited material.

In general the prior syntheses of decorated aerogels rely on the pre-mixing of the materials (e.g. using a
sol-gel synthesis method) or chemical modification of the 2D-material to enhance the stability of the

deposited material.

As is known, the corner and edge sites of catalysts often possess a superior activity. Inspired by this, the
present inventors use highly curved supports to anchor single metal sites with to mimic metal sites at the
corners and edges of particles. The distribution of metallic single atoms on 2D-material based aerogels
can produce highly efficient catalysts suitable for many reactions, for example hydrogen evolution,

oxygen reduction reaction, carbon sequestration, or reduction of carbon dioxide to methanol/methane.

Discussed herein is a method for producing a composite material. Saturating a 2D-material based
aerogel with an impregnation solvent followed by washing with water induces a solvent swap or
exchange, which enables diffusion of an electrolyte into the aerogel. Electrolysis, wherein one electrode
is comprised of the aerogel impregnated with electrolyte, leads to homogeneous deposition of a metal or
other material onto the aerogel surface. Pulse electrodeposition allows control over the size and level or
extent of the deposition, enabling deposition of single atoms or molecules as well as deposition of
nanoparticles depending on what may be required. Alternatively, the present invention may be used to

deposit material layers of a predetermined, controlled thickness onto the surface of pores of the aerogel.

Accordingly, the present invention can provide an aerogel with deposition material homogeneously
deposited within its structure. The present invention also provides aerogels with small, for example single
or up to 10 atom/molecule, deposition sites. Each deposition site presents a significant deposit surface

area, meaning the present products can more effectively present the deposition materials.

This approach enables a divergent synthesis of composite materials wherein many varieties may be

synthesised from the same starting 2D-material based aerogel depending on what electrodeposition
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precursor is selected as the electrolyte. This approach also enables homogenous deposition of the
material onto the surface of the pores of the aerogel (that is, into the pores). In other words, the
deposition of the material may be evenly spread throughout the internal and external surface of the
aerogel. The distribution of the deposited material may be substantially uniform or even on and/or in the

aerogel. Such aerogels having a material deposited on them are aspects of the present invention.

This approach also provides a scalable synthesis of these composite materials.

In a first aspect, the invention may provide a method for producing a composite material, comprising the
steps of (a) impregnating a 2D-material based aerogel with an impregnation solvent, to form a solvent
impregnated aerogel, (b) performing a solvent/water exchange by washing the solvent impregnated
aerogel with water, to replace impregnation solvent with water and form a water impregnated aerogel, (c)
performing precursor diffusion by contacting the water impregnated aerogel with an electrolyte solution
containing a deposition precursor, to form a precursor impregnated aerogel, and (d) passing a current

through a cell comprising the precursor impregnated aerogel as a working electrode.

In some embodiments the 2D-material based aerogel is selected from a graphene aerogel, graphene
oxide aerogel, a reduced graphene oxide aerogel, a carbide aerogel, a transition metal dichalcogenide

aerogel, and an MXene aerogel (for example a metal carbide or metal nitride MXene aerogel).

In some embodiments the impregnation solvent is selected from methanol, ethanol, 1-propanol,
isopropanol, n-butanol, formic acid, acetone, dimethylformamide and dimethylsulfoxide. These are polar

solvents which are miscible with water which can promote the solvent swap in step (b).

In some embodiments the electrolyte solution is aqueous.

In some embodiments the deposition precursor is a salt.

In some embodiments the deposition precursor is selected from a salt of platinum, a salt of manganese, a

salt of silver, a salt of tungsten, a salt of copper, aniline and pyrrole.

In some embodiments the deposition precursor is selected from chloroplatinic acid, manganese acetate,
silver nitrate, sodium tungstate dehydrate, lithium perchlorate/copper sulfate, hydrogen

tetrachloroaurate(lll), tetraamminepalladium(ll) chloride monohydrate, aniline and pyrrole.
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In some embodiments the current is passed in pulses. This enables controlled deposition of, for example,

single atoms or molecules.

The present invention therefore also provides aerogels with the deposition materials (modifying agents)

discussed herein deposited as single atoms or molecules.

In a further aspect, the invention provides a composite material produced by the method set out in the

first aspect.

In a further aspect, the invention provides a composite material, comprising a 2D-material based aerogel

and a modifying agent homogeneously dispersed on the surface of the pores in the aerogel.

The modifying agent may preferably be deposited or substantially deposited as single atoms or
molecules. At least some of the deposited material may be deposited as single atoms or molecules. For
example, greater than 50% by mass of the deposited agent may be in the form of single atoms or
molecules. In some embodiments it may be, for example, 75% or greater, or even 90% or greater, by
mass of the deposited agent which is in the form of discrete single atoms or molecules deposited on/in
the aerogel.

Alternatively or additionally, the single atoms may be assessed numerically as a percentage of the total
number of deposits present. So, for a given discrete deposit, it can be classified as ‘single
atom/molecule’ or ‘non-single or multiple atom/molecule’. It may be preferable for there to be more
deposits which are ‘single atom/molecule’ than are ‘non-single or multiple atom/molecule’. That is,
greater than 50% of deposit sites are single atom/molecule. In some embodiments it may be 75% or

greater, or even 90% or greater.

These can be assessed by, for example, analysis of HAADF-STEM images as shown in Figure 5. An
assessment can be done by, for example, taking 10 specimens (2um x 2um x 2um) of the aerogel at
random and analysing HAADF-STEM images of each. These specimens can be taken as representative

of the material as a whole.

Aerogel deposits can be analysed in a number of other ways.
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Materials characterisation carried out to determine elemental and bonding analysis. Suitable techniques
include Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and X-ray diffraction
crystallography (XRD). Such analyses can tell us what materials are present and how they are attached

to the aerogel.

X-ray computed tomography (XCT) can be used to image a broader view of the aerogel surface, for

example to examine homogeneity of deposition within the aerogel.

Scanning electron microscopy (SEM) can be used to determine or perform structure analysis of the
aerogel. ltis ideal for imaging deposits which are nanoparticles (anything larger than a few, for example
2, nanometres). It allows observation of these particles and hence determination of their number and

size.

Transmission electron microscopy (TEM) is currently the leading way to assess the presence of single
atoms. As illustrated in the figures of TEM scans and HAADF-STEM, a TEM offers the level of resolution
required to observe a single atom. Using such analyses the number and distribution of single atom

deposition can be assessed.

Accordingly, in a further aspect the invention provides a composite material, comprising a 2D-material
based aerogel and a modifying agent dispersed on the surface of the pores in the aerogel, wherein the
modifying agent is in the form of single atoms or molecules. This is not to say that 100% of the modifying
agent present must be single atoms; it is sufficient that at least some is. As explained above, it may be

preferable for the modifying agent to be substantially present in the form of single atoms or molecules.

Where multiple modifying agents are present, one of them may be present substantially as single atoms
or molecules and the other(s) not. In certain embodiments, all modifying agents present are substantially

present as single atoms/molecules as explained and defined above.

In some embodiments the 2D-material based aerogel is selected from a graphene aerogel, a graphene
oxide aerogel, a reduced graphene oxide aerogel, a carbide aerogel, and a transition metal

dichalcogenide aerogel.

In some embodiments the modifying agent is selected from platinum, manganese oxide, silver, tungsten

oxide, copper, polyaniline and polypyrrole.
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The invention includes the combination of the aspects and preferred features described except where

such a combination is clearly impermissible or expressly avoided.

Summary of the Figures
Embodiments and experiments illustrating the principles of the invention will now be discussed with

reference to the accompanying figures in which:

Figure 1 shows the sequential submerging of the aerogel in a solvent, then water, then an aqueous ion

solution.

Figure 2 shows a standard three electrode set up for electrodeposition with a reduced graphene aerogel

as the working electrode.

Figure 3 shows an example pulse cycle.

Figure 4 shows comparison of Pt/reduced graphene oxide catalyst with varying wit% against a

commercial Pt/C catalyst.

Figure 5 shows A) HAADF-STEM image of particles for mapping. Element mapping images of C, O, Pt

with their overlapping images. B) STEM line scan, mapping size of single atom of platinum.

Figure 6 shows the IR absorption spectra of water and ethanol solutions within region of CH and OH

stretching bands.

Figure 7 shows SEM images of graphene aerogels with deposited silver, manganese oxide, polypyrrole,

calcium oxide, tungsten oxide and copper.

Detailed Description of the Invention

Aspects and embodiments of the present invention will now be discussed with reference to the
accompanying figures. Further aspects and embodiments will be apparent to those skilled in the art. All

documents mentioned in this text are incorporated herein by reference.
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The present invention utilises aerogels, also known as foams. Aerogels are gels comprised of a
microporous solid in which the dispersed phase is a gas. 2D-material based aerogels are known in the
art.

In the present invention a 2D-material based aerogel is impregnated with a polar solvent. Then the
solvent saturated 2D-material based aerogel is subjected to a solvent swap or exchange with water. This
creates a 2D-material based aerogel that is saturated with water. Such a material has not been
obtainable in the past. Then, the 2D-material based aerogel is imbued with an ionic solution enabling the
2D-material based aerogel to be saturated with the ionic solution by ionic diffusion into the water within
the aerogel. Deposition of material onto the 2D-material based aerogel may then be achieved by

electrodeposition wherein one electrode is the 2D-material based aerogel saturated with ionic solution.

The 2D-material based aerogel can be made from any known 2D-material (in aerogel form). Suitably the
2D material is electrically conductive. Preferably the 2D-material is selected from graphene, graphene
oxide, reduced graphene oxide, MXenes such as carbides, for example titanium carbide, or transition
metal dichalcogenides. In other words, the 2D-material based aerogel may be a graphene aerogel, a
graphene oxide aerogel, a reduced graphene oxide aerogel, an aerogel of an MXene such as a carbide
or an aerogel of a transition metal dichalcogenide. Suitably it is a graphene aerogel or reduced graphene
oxide aerogel. Itis known in the art that reduced graphene oxide (rGO) is graphene produced via the

reduction of graphene oxide (GO).

The 2D-material based aerogel can be manufactured using any known technique. Such techniques are
known to a person skilled in the art and include hydrothermal/solvothermal reduction, sol-gel, freeze
gelation, chemical reduction, cross-linking methods, 3D printing, CVD synthesis, and templated methods

such as ice templated methods. Preferably, the aerogel is manufactured by ice templating.

Where a graphene oxide aerogel is used, the present methods may include a step of reducing that

aerogel to form a reduced graphene oxide aerogel.

Once the aerogel is obtained, it is impregnated with an impregnation solvent. That is, pores of the
aerogel are substantially filled with an impregnation solvent. This may be achieved by, for example,
submerging the aerogel in the solvent or repeated washing, dipping, or other processes. It will be
understood that the impregnation solvent is a solvent able to enter the structure of the aerogel. Water
cannot be used because of the hydrophobicity of the structure. Accordingly the impregnation solvent is

not water.
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The impregnation solvent is suitably a solvent which is miscible with water to facilitate solvent exchange
and is suitably a solvent with a 25 °C n-octanol/water partition coefficient (log P) of less than 1, for
example less than 0.5, less than 0, or less than -0.5. log P may be calculated using, for example, a
known method such as the shake-flask method, following a method such as OECD Test No. 107
(adopted 27 July 1995) with analysis by gas-liquid chromatography.

That is, the impregnation solvent may suitably be any solvent which does not form a phase boundary with
water and is capable of fully mixing with water to form a homogeneous solution at any proportion. The
impregnation solvent is suitably a polar solvent, for example dimethyl sulfoxide, or an organic solvent
known in the art. That is, any solvent which is soluble and/or miscible in water, such as
dimethylformamide, dimethyl sulfoxide or a polar protic solvent. Preferably the impregnation solvent is a
polar protic organic solvent. More preferably the impregnation solvent is an alcohol, for example
methanol, ethanol, 1-propanol, isopropanol, or n-butanol. In some cases the impregnation solvent is
ethanol. This first impregnation enables, in a later step, water to permeate the aerogel. Without this first
soaking, the inherent hydrophobicity of the aerogel prohibits water based solutions from infiltrating the

aerogel.

This impregnation solvent is suitably free of water, but may include a small amount. Suitably the content
of water in this impregnation solvent is less than 20% v/v, preferably less than 10% v/v, and more

preferably less than 5% v/v.

The impregnation solvent soaked aerogel is then washed with water, preferably deionised water.
Washing the aerogel may suitably be carried out by submerging the aerogel in the water, removing the
aerogel and submerging in water again. Preferably fresh, clean water is used for each wash. The water
may alternatively be dropped or poured over the aerogel. This process can be repeated until the
impregnation solvent in the aerogel has been at least partially replaced by water. In preferred
embodiments, the impregnation solvent is mostly or substantially replaced with water; in some
embodiments, it may be entirely replaced with water. The point at which the impregnation solvent has
been replaced by water can be determined by eye, using observable variations in refraction of light
through the solution that is washed off the aerogel, or, suitably, the solution run off can be monitored by
IR absorption spectroscopy (Figure 6). In that Figure the impregnation solvent is ethanol. As the ethanol
is replaced with water the IR spectrum of the solution run off will approach that of the solid black line of
Figure 6, where ethanol concentration is 0 w/w %. In suitable embodiments washing is continued until
the solution run off is 20% w/w impregnation solvent, for example ethanol, or less, for example 10% w/w
or less, 5% w/w or less, 2% w/w or less or 1% w/w or less. A suitable number of washes is 4 to 8. The
miscibility of the impregnation solvent with water enables infiltration of water into the pores of aerogel.
Over the course of the washes the proportion of water increases until there is no longer impregnation

solvent present. After washing with water, pores of the aerogel are occupied with water.

The water soaked aerogel is then infiltrated with an electrolyte solution, suitably by submerging the

aerogel in the electrolyte solution, also known as the precursor solution. The presence of the water within
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the aerogel enables the electrolyte/precursor in the electrolyte solution or the ions therein to infiltrate the
pores of the aerogel by diffusion. The electrolyte solution is a solvent (for example water) and at least
one electrolyte (that is, at least one deposition precursor) and may be selected based on the desired
material to be deposited onto the aerogel. Such deposition precursors are known in the art. It will be
appreciated that more than one deposition precursor may be present in the electrolyte solution to facilitate

mixed deposition. In some embodiments, only a single deposition precursor is present.

The or a deposition precursor may suitably be ionic, for example it may be or comprise a salt containing
palladium, ruthernium, rhodium, platinum, manganese, silver, tungsten, gold, copper, nickel, aluminium,

calcium, or an oxide or oxides thereof.

For example, use of tetraamminepalladium(ll) chloride monohydrate results in deposition of palladium,
use of chloroplatinic acid results in deposition of platinum, use of manganese acetate results in deposition
of manganese oxide, use of silver nitrate results in deposition of silver, use of sodium tungstate dehydrate
results in deposition of tungsten oxide, use of hydrogen tetrachloroaurate(lll) results in deposition of gold,
use of nickel sulfate results in the deposition of nickel, use of lithium perchlorate with copper sulphate
results in deposition of copper, use of aluminium sulfate with sodium thiosulfate results in deposition of
aluminium oxide, and use of calcium nitrate with sodium bicarbonate results in deposition of calcium

oxide.

The or a deposition precursor may suitably be or comprise a polymer precursor which undergoes
polymerisation upon oxidation, such as aniline, pyrrole, 3-hexylthiophene or 3-thiophene acetic acid (3-

TAA). Orthe or a deposition precursor may be phenyl-C61-butyric acid methyl ester (PCBM).

For example, use of polymer precursors such as aniline, pyrrole, 3-hexylthiophene, or 3-thiophene acetic
acid (3-TAA) leads to deposition of a polymeric layer of polyaniline (PANi), polypyrrole (PPy), poly(3-
hexylthiophene-2,5-diyl) (P3HT), or poly(3-hexylthiophene-2,5-diyl) respectively. Use of a precursor
containing PCBM results in deposition of PCBM.

The or a deposition precursor may be or comprise perovskite precursors, for example lead oxide or lead

acetate, or precursors of metalorganic framework (MOFs) such as HKUST-1.

For example use of lead acetate with dimethyl sulfoxide or hydrogen peroxide results in deposition of a

lead based perovskite. Use of methanol, ethanol, dimethyl sulfoxide and trimesic acid with an aerogel on
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which copper has already been deposited results in deposition of metal organic framework, e.g. HKUST-
1.

The or a deposition precursor is preferably or preferably comprises chloroplatinic acid, manganese
acetate, silver nitrate, sodium tungstate dehydrate, lithium perchlorate/copper sulfate, hydrogen
tetrachloroaurate(lll), tetraamminepalladium(ll) chloride monohydrate, aniline or pyrrole. That is, in
preferred embodiments the deposition precursor is at least one selected from chloroplatinic acid,
manganese acetate, silver nitrate, sodium tungstate dehydrate, lithium perchlorate/copper sulfate,

hydrogen tetrachloroaurate(lll), tetraamminepalladium(ll) chloride monohydrate, aniline and pyrrole.

In certain embodiments the deposition precursor is or comprises a salt of platinum, for example

chloroplatinic acid. In certain embodiments the deposition precursor is or comprises pyrrole.

The concentration of the deposition precursor in the electrolyte solution may suitably be 0.01 to 2 M,
preferably 0.05to 1 M.

Additives such as lithium perchlorate or boric acid may be included in the electrolyte/precursor solution to
create a supportive environment for deposition. Other useful additives are known to a person skilled in

the art. The concentration of additives may suitably be 0 to 0.2 M, preferably 0.005 to 0.1 M.

Preferably the deposited material is a platinum group metal (PGM, including ruthenium, rhodium,
palladium and platinum) for example platinum, manganese oxide, silver, tungsten oxide, copper,
polyaniline or polypyrrole. Accordingly preferred deposition precursors are salts of platinum, manganese,

silver, tungsten or copper; salts of oxides thereof; aniline; and pyrrole.

Electrolysis is used to deposit material on the aerogel. Suitably, pulse deposition is used, however non-
pulsed deposition may also be used. Use of pulse deposition can enable single atom deposition. A
standard three electrode set up may be used comprising a working electrode, counter electrode and
reference electrode (Figure 2), along with an electrolyte solution. The electrolyte soaked aerogel is used
as the working electrode. The counter electrode may be, for example, a platinum mesh counter
electrode. The reference electrode may be, for example Ag|AgCI|KCl(sat.). The electrolyte solution is
suitably the same as was used to infiltrate into the water soaked aerogel as explained above. Other
electrodeposition arrangements will be apparent to those working in this technical field. For example, a
two electrode set up may be used comprising a working electrode, for which the electrolyte soaked

aerogel is used, and a counter electrode, for example a platinum mesh counter electrode, along with an
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electrolyte, which may be the same as was used to infiltrate into the water soaked aerogel as explained

above.

An example pulse cycle is shown in Figure 3. The deposition occurs when voltage (Eon) is applied during
an “on” time (ton). Then an Eofr voltage is applied for an “off” time (for). Eor may be OV or it may be a
voltage of lower, or opposite potential to Eon. This cycle is repeated until the total desired deposition time

(taep) is achieved. ton and for may be the same or different.

By the method of the present invention, many different micromorphologies are possible. The size of the
deposited material may be single atoms or molecules, nanoclusters or nanoparticles, for example 100 nm
clusters or 1 um clusters, or any other desirable size of clusters. By the methods of the present invention,
the deposited material may be present throughout the aerogel, with the clusters, particles, atoms or
molecules dispersed broadly homogenously on its surfaces. As required, the conditions of the
electrodeposition may be varied to deposit single atoms or molecules, nanoparticles or nanoclusters, or to
deposit a precise thickness of polymeric layer or any other size of material clusters. These factors may
be controlled by, for example, the number of pulse cycles, the length of “on” time, or the voltage. A
suitable number of pulse cycles is 1 to 500. A suitable length for fon for each pulse is 1 to 30 seconds,
preferably 5 to 25 seconds, preferably 10 seconds. For small samples, for example up to 10 cm?, a
suitable voltage for Eon is -3 to 3 V. When non-pulsed deposition is used the total deposition time may
suitably be 1 to 120 mins, for example, 30 to 60 mins. It is appreciated that the exact parameters of the
deposition can be modified based on the aerogel substrate, deposition precursor used and the desired

outcome. It will be appreciated that larger samples may require a higher voltage.

It will be apparent that single atom or molecule deposition is not possible with known methods of
synthesis, such as a sol-gel method, since they do not use an electrodeposition but instead rely on a
(dispersed but particulate/agglomerated) deposition material naturally ‘falling’ into its finally position. That
is, these methods allow no control of the size of deposit formed — the structure formed is based on

chance.

The electrolyte solution (also sometimes referred to as the electrodeposition plating solution) is preferably
stable at ambient temperatures and can be reused for multiple samples. Post electrodeposition, the
sample (that is, the aerogel onto which material has been deposited) may be washed, suitably with
deionized water, and dried. The aerogel is suitably dried by oven drying, vacuum oven drying or
lyophilizing. A suitable temperature for drying is 20 to 40 °C. This can afford the composite materials of
the present invention, comprising a 2D-material based aerogel with material deposited thereon. The
deposition may preferably be homogeneous on the internal and external surfaces of the aerogel. That is,

the material may be deposited evenly throughout, on, in or over the surface(s) of the pores of the aerogel.



10

15

20

25

30

35

WO 2021/152044 PCT/EP2021/052033
14

This means deposition occurs within the pores of the aerogel, throughout the porous structure due to the
infiltration of the deposition precursor through it. Such substantially homogeneous deposition, with the
deposited material spread evenly, is not possible using techniques such as a sol-gel method, wherein in-

homogeneities arise during manufacturing.

Depending on what material was deposited, a product of the present invention can have many uses. For
example, when platinum is deposited the material may be used as a catalyst in a fuel cell, hydrogen
evolution reaction, or other chemical reactions. Deposition of manganese oxide is useful for batteries.
Deposition of silver is useful in biomedical fields. Deposition of tungsten oxide is useful as an optical
catalyst for reactions such as water splitting, as a supercapacitor, gas sensor or for COz2 reduction.
Depositing calcium oxide forms a calcium oxide-aerogel composite with high surface area and porosity
that can be used as a medium for carbon capture/sequestration. Deposition of PCBM or poly(3-
hexylthiophene-2,5-diyl) leads to materials useful for photovoltaics. Deposition of aluminium oxide leads
to a useful structural composite. Deposition of copper leads to materials useful for high voltage conductor
applications. Deposition of polyaniline is useful for chemical sensors and high voltage shielding.
Deposition of polypyrrole may be used for thermal regulation. The present invention therefore provides
use of the aerogels defined herein in those applications, where the appropriate material is deposited. For
example, the invention provides use of a 2D-material based aerogel as described herein, having platinum
deposited thereon, in a fuel cell; it also provides a fuel cell comprising such a 2D-material based aerogel

having platinum deposited thereon.

Where the deposited material is catalytic in its intended use, it may be preferable for it to be deposited at
least partially as single atoms or molecules as described herein. This applies to, for example, platinum

deposition.

In particular, deposition of platinum may be used to catalyse the hydrogen evolution reaction (HER). A
platinum/graphene catalyst according to the present invention with a platinum loading of 2.79 wt% was
able to achieve similar activity compared to a commercial platinum on carbon catalyst with a loading of
20 wt% platinum (Figure 4). The mass activity of the platinum catalyst according to the present invention
with 2.79% loading was higher than that of the commercial catalysts. This is due to the single atom
deposition which increases the active surface area of the platinum, enabling a lower amount of platinum

to be used to achieve the same results.

The present invention may therefore in some embodiments relate to a graphene or reduced graphene

oxide aerogel having platinum deposited thereon (therein; on the surfaces of its pores), the platinum
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being loaded at 1-8 wt%, for example 1-4 wt%, 2-4 wt%, 2.2-3.7 wt%, or 2.5-3 wt%; and preferably being

substantially deposited as single atoms.

The loading of platinum for a given material can be found by dissolving a sample in nitric acid, after
having weighed the sample. This leads to the platinum dissolving. The aerogel material (for example
reduced graphene oxide) and the solution are separated. Then the content of platinum in the nitric acid
can be measured. This gives a weight/mass of platinum that was loaded. Using this value and the mass

of the sample before dissolving, the wt% loading can be found.

The loading of platinum on the aerogel can also be considered in terms of weight per cm? of the aerogel
area in a standard rotating disk electrode apparatus. Such an apparatus is well known and used for
testing, for example, a material’s performance in hydrogen evolution reaction, oxygen reduction reaction
and oxygen evolution reaction. Such an apparatus is described in, for example, “Rotating Electrode
Methods and Oxygen Reduction Electrocatalysts”, Elsevier, 2014, edited by Wei Xing, Geping Yin and
Jiujun Zhang, pp. 171-198, chapter 5 “Rotating Disk Electrode Method”. In the testing apparatus there is
a test electrode (disk electrode) of a fixed size (circular with diameter = 5mm) where the sample of
material to be tested is placed. The area of that electrode, combined with the calculated platinum loading
of the aerogel, can be used to find the loading weight per cm? of the electrode. The thickness of the

sample is <10 ym, and thus can effectively be ignored when considering the size of the sample.

Thanks to the present invention, it may be significantly lower than usual in the art, for example 0.003-0.01

mg platinum/cm?, or 0.005-0.008 mg platinum/cm?2.

The weight of platinum can be found by dissolving the sample in nitric acid. This leads to the platinum
dissolving. The aerogel material (for example reduced graphene oxide) and the solution are separated.
Then the content of platinum in the nitric acid can be measured. This gives a weight/mass of platinum
that was loaded.

An aerogel of such a type may be useful as an electrode in a fuel cell.

Figure 7 shows SEM images of some other materials deposited on aerogels, at varying levels of

magnification

If required, the aerogel prepared according to the present invention can be broken down and dispersed in

a solvent, suitably by sonication. This process breaks down the 2D-material based support, and forms
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smaller pieces of the aerogel while retaining the deposited material on its surfaces. Suitably, the solvent
is a mixture of water and an organic solvent, for example water and an alcohol such as isopropanol. This
can enable the composite material to be used to coat other objects, for example a glassy carbon

electrode.

It will be appreciated that, after deposition, a ‘repeat’ of the method of the present invention can be
performed to deposit a second material which may the same as or different from the first deposited. For
example, a first conduction of the method may for an aerogel impregnated with platinum or polypyrrole
(that is, having platinum or polypyrrole deposited thereon and therein). That impregnated aerogel may
then be used as the starting material for a second conduction of the method, to deposit a further amount
of platinum or polypyrrole. For example, an aerogel having copper deposited thereon may undergo a
further deposition according to the present invention using methanol, ethanol, dimethyl sulfoxide and

trimesic acid to deposit metal organic framework e.g. HKUST1.

That is, the 2D-material based aerogel used in step (a) of the present methods is not necessarily a
‘naked’ aerogel; it may already have some material (different from the aerogel material) already deposited

upon it.

Of course the deposition precursors and deposited materials discussed herein can be used in various

combinations in such repeated depositions. This enables multi-functional aerogels to be synthesised.

The features disclosed in the foregoing description, or in the following claims, or in 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 obtaining the disclosed results, as appropriate, may, separately, or in any

combination of such features, be utilised for realising the invention in diverse forms thereof.

While the invention has been described in conjunction with the exemplary embodiments described above,
many equivalent modifications and variations will be apparent to those skilled in the art when given this
disclosure. Accordingly, the exemplary embodiments of the invention set forth above are considered to
be illustrative and not limiting. Various changes to the described embodiments may be made without

departing from the spirit and scope of the invention.
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For the avoidance of any doubt, any theoretical explanations provided herein are provided for the
purposes of improving the understanding of a reader. The inventors do not wish to be bound by any of

these theoretical explanations.

Any section headings used herein are for organizational purposes only and are not to be construed as

limiting the subject matter described.

Throughout this specification, including the claims which follow, unless the context requires otherwise, the
word “comprise” and “include”, and variations such as “comprises”, “comprising”, and “including” will be
understood to imply the inclusion of a stated integer or step or group of integers or steps but not the

exclusion of any other integer or step or group of integers or steps.

It must be noted that, as used in the specification and the appended claims, the singular forms “a,” “an,”
and “the” include plural referents unless the context clearly dictates otherwise. Ranges may be expressed
herein as from “about” one particular value, and/or to “about” another particular value. When such a range
is expressed, another embodiment includes from the one particular value and/or to the other particular
value. Similarly, when values are expressed as approximations, by the use of the antecedent “about,” it
will be understood that the particular value forms another embodiment. The term “about” in relation to a

numerical value is optional and means for example +/- 10%.

Examples

Materials characterisation

The surface morphology images, and chemical composition of the as-prepared samples were acquired by
scanning electron microscope (SEM, TESCAN Mira3 LC) with an energy dispersive spectroscopy (EDX)
microprobe. Transmission electron microscopy was performed on a FEI Titan G2 80-200 S/TEM
microscope operated at an accelerating voltage of 200 kV, and aberration-corrected STEM images were
taken using a 200 kV JEM-ARM200F equipped with double spherical aberration correctors. The
PerkinElmer Optima 7300 DV ICP-AES instrument was used to determine the content of Pt loading after
digesting the powdered sample in HNOs. XPS measurements were carried out on a Thermal VG
Scientific ESCALAB250 spectrometer equipped with an Al anode (Al Ka = 1,486.7 eV). All the spectra
were corrected with respect to the C 1s peak at 284.8 eV. The XPSPEAK 4.1 software was used for the
deconvolution of XPS spectra. X-ray diffraction patterns were recorded by using a Rigaku Smartlab
instruments equipped with Cu Ka radiation (A = 1.54178 A). Powder X-ray diffraction was undertaken
using a Proto AXRD 6-260 diffractometer (284 mm diameter circle) with sample spinner and Dectris
Mythen 1K (5.01° active length) 1D-detector in Bragg-Brentano geometry employing a Copper Line Focus
X-ray tube with Ni kB absorber (0.02 mm; KB = 1.392250 A) Ka radiation (Ka1=1.540598 A,
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Ka2=1.544426 A, Ka ratio 0.5, Kaav=1.541874 A) at 600 W (30 kV 20 mA). Raman spectra were
performed on a Horiba LabRamHR system combined with a 633 nm laser. The 3D tomographic images
exhibited voxel size of 2.6 micrometers and the spatial resolution of 10 micrometers (Zeiss
VersaXRM520). Ultra high resolution 3D tomographic images were obtained using Zeiss UltraXRM and it

had spatial resolution of 40nm.

EXAMPLE 1

GO synthesis

Graphene Oxide (GO) flakes were produced from large particle size graphite powder using a liquid phase
exfoliation procedure based on a modified Hummers method. 4.50 g of graphite flakes (grade 9842,
Graphexel Ltd., Epping, UK) was dispersed in 600 ml concentrated sulfuric acid (>95%, >17.7 mol, Fisher
Scientific, Loughborough, UK) using a mechanical stirrer and cooled in an ice bath. Subsequently, 4.50 g
KMnO4 (Sigma-Aldrich, Gillingham, UK) was added slowly over approximately 20 min, the mixture was
allowed to warm to room temperature and continuously stirred for approximately 1 day to consume the
KMnOs (green colour diminished). The mixture was cooled in an ice bath and an additional 4.50 g KMnO4
was slowly added. A total of 4 KMnOg4 aliquots were added individually over 4 days. During oxidation,
the mixture was continuously stirred at room temperature except during the addition of KMnO4 (roughly
20 mins each time). 24 hours after the final KMnO4 addition, the mixture became viscous with the
graphite almost fully oxidised to GO. The viscous mixture was slowly dispersed in an ice-water mixture
(1000 ml) and Hz20: solution (35%, 18 ml) was added drop by drop until effervescence stopped, the
mixture became light-yellow and was continuously stirred for 2 hours. The product was centrifuged at
8000 rpm for 30 mins to separate the GO from the acid solution. The GO precipitate was re-dispersed
with HCI solution (5%, 1000 ml) and centrifuged at 8000 rpm for 30 min. The precipitate was repeatedly
washed with water (1000 ml) and concentrated via centrifugation (discarding the colourless supernatant)
until the pH of the supernatant was about 6 (9-10 washing cycles). The resulting dark brown-orange
viscous GO liquid was about 10 mg ml"'. The final GO dispersion was centrifuged at 3000 rpm for 10 min

to remove unexfoliated GO before use.

EXAMPLE 2

Reduced Graphene Oxide (rGO) Aerogel synthesis

Graphene oxide suspensions in water with concentration 10 mg cm™ were prepared as in Example 1 and
sucrose and polyvinyl alcohol (PVA) were used as additives (the GO:additive ratio was 1:1 in weight).
The slurry was subsequently freeze-casted at a rate of 5 K min! using a freeze casting plate (instec) and
freeze dried in a Labconco FreeZone 4.5 L console. The scaffolds obtained were reduced at 800 °C for

40 mins in Argon atmosphere inside a tubular oven (carbolite).
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EXAMPLE 3

Hybrid materials production

Ethanol was infiltrated into the pores of the rGO aerogel, prepared as in Example 2, by submerging the
aerogel (a mass was used to keep it submerged). Thereafter the ethanol impregnated aerogel was
washed repeatedly with deionized (DI) water by submerging it in DI water. After about 4-5 times, the
aerogel is not infiltrated with any more DI water. The water impregnated aerogel was placed in an
aqueous electrolyte solution of 10mM HzPtCle.6H20 and 5mM LiClO4 and the ions naturally diffused into

the pores of the aerogel.

Pt-decorated rGO aerogels were prepared using a standard three-electrode setup that consisted of rGO
aerogel as the working electrode, platinum mesh counter electrode (Alfa Aesar, 99.9999%), and
Ag|AgCI|KCl(sat.) reference electrode (0.197 V versus SHE). All deposition potentials are reported
versus the Ag|AgCI|KCl(sat.) reference electrode unless stated otherwise. Pulse electrochemical
deposition was done using a plating solution containing 10 mM HzPt(OH)s + 5mM LiClO4. The
electrodeposition plating solution is stable at ambient temperatures and can be reused for multiple
samples. Here, the inventors applied this electrodeposition to deposit Pt on an aerogel sample with
dimensions of 1.5cm by 0.5cm by 3cm; A voltage of -1 V, Eon, was applied during the “on” time, fon, for
10s, followed by an Eof pulse (Eorr = 0 V) for for of 10s. The on and off cycles were repeated until the
desired deposition time (fsep) was achieved. In this example fsep = 20 s. The deposition time is based on
the number of pulses (N) that the potential, Eon, is applied to the working electrode for the time fon. The
total time in which Pt reduction occurs is then given by fsep = N % fon, while the total time needed for the
entire pulsed deposition process is given by fieta = N x (fon + for). Post electrodeposition, the samples

were washed with deionized water and dried.

This resulted in a rGO supported platinum catalyst with 2.79 wt% Pt. To identify the form of the Pt atoms
distributed on rGO supports, high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) was used. Isolated Pt atoms (named as Pt/rGO) were observed all over the support
(Figure 5)

HER/electrochemical characterization, linear sweep voltammetry

To fabricate the working electrode, 50 ug of each catalyst with 50 pl of 5 wt% Nafion solution (Sigma-
Aldrich) was dispersed in 1 ml of a water/isopropanol mixed solvent (1:1 volume ratio) by several hours of
sonication to form a homogeneous ink. A glassy carbon disk served as the working electrode to drop the
catalyst ink on the surface, which resulted in a catalyst loading of 510 ug cm™ (calculated by the total
weight) for all electrochemical tests. Note that the glassy carbon disk electrode of the RDE is 5 mm in
diameter, whereas a rotating ring-disk electrode (RRDE) electrode (which contains a Pt ring with a 6.25

mm inner diameter and 7.92 mm outer diameter) is 5.61 mm in diameter. The electrochemical
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measurements were carried out on a CHI 660E workstation (the RRDE measurement was performed with
an Autolab PGSTAT 302N potentiostat) with a rotation control (MSR (Pine Instruments)) using a
conventional three-electrode cell in 0.5 M H2SO4 at room temperature. For the counter electrode, a
graphite rod was used. An Ag/AgCl electrode (saturated KCI) was used as the reference electrode, which
was calibrated with respect to the reversible hydrogen electrode (RHE) under the high purity hydrogen-
saturated electrolyte with a Pt mesh as the working electrode. The RDE/RRDE measurements were
performed in N2-saturated electrolyte at 2,000 revolutions per minute with a sweep rate of 5 mV s™' to
remove the generated gas bubbles. To detect the hydrogen evolution at the disk electrode, the potential
of the Pt ring electrode in the RRDE system was set to 1.2 V (versus RHE). Electrochemical impedance
spectroscopy measurements were carried out at an overpotential of =0 mV or 30 mV, with a 5 mV a.c.
potential from 0.1 to 105 Hz. An accelerating stability measurement was evaluated using 6,000
continuous cycles from —0.05 to 0.2 V (versus RHE) at a scan rate of 50 mV s™'. The time-dependent
current density curve was collected by loading catalyst ink onto carbon paper (1 cm x 1 cm TGP-H-60

(Toray)) and the overpotential maintained at an n of 40 mV for 100 h.

Compared to the conventional bulk or graphene-supported Pt catalysts, Pt particles with rGO acting as
support enable the integration of an efficient charge delivery and a strong local electric field effect for
Pt/rGO electrocatalysts. The optimized electrocatalyst, using only 2.79 wt% Pt, achieved a comparable
HER rate to that of the commercial Pt/C catalyst (20 wt% Pt) and a better rate than that of graphene-
supported catalyst with a similar Pt loading (Figure 4).
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