WO 2022/060588 PCT/US2021/049195

SCALABLE SYNTHESIS OF PERIMORPHIC CARBONS

Matthew Bishop, David Brill, Christopher Carstens, Abhay Thomas, Andrew Westle

Cross-Reference to Related Applications:

[0001] This application claims priority to U.S. Provisional Patent Application No. 63/075,918 entitled
“SCALABLE SYNTHESIS OF PERIMORPHIC CARBONS” and filed on September 9, 2020, the entire
contents of which is herein incorporated by reference. The following applications are hereby
incorporated by reference in their entirety for all purposes: U.S. Provisional Patent Application
63/075,918 (the 918 Application); US Provisional Patent Application 63/121,308 (the “308 Application);
US Utility Application 16/758,580 (the *580 Application); US Utility Application 16/493,473 (the *473
Application); PCT/US17/17537 (the 17537 Application); PCT/US21/37435 (the <*37435 Application);
and US Patent 10,717,843 B2 (the "843B2 Patent).

Field of Disclosure:

[0002] This disclosure relates to a method for the scalable production of carbonaceous perimorphic
materials. More particularly, this disclosure relates to a low-cost, waste-reducing method for producing

carbonaceous perimorphic materials wherein process materials may be recycled.

Background:

[0003] Compared to bulk materials, nanostructured materials may possess superior properties. Three-
dimensional, ordered architectures constructed from nanostructured building blocks may facilitate the
realization of these superior properties in bulk forms of the materials. These “architected” materials may
be produced by synthesizing and arranging nanoscopic or microscopic building blocks into fine
assemblies. In particular, porous materials with architected pore structures are appealing due to their low

density, high specific surface area, and potential mechanical properties.
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[0004] There are existing methods for producing three-dimensional, porous assemblies from
nanostructured building blocks. Making three-dimensional aerogels may involve dispersing
nanostructured particles in a liquid matrix. At sufficient concentrations, the nanoparticles may self-
assemble into a gel-like network that may become the basis for an acrogel. For example, three-
dimensional aerogels constructed from carbon or silica can be formed by lyophilizing a self-assembled
hydrogel. However, undirected self-assembly techniques can create disordered architectures with
microscopic pores. While these acrogels may possess impressively low densities, their disorder and pore
size render them unsuitable for many applications.

[0005] Theoretical models point toward the need for porous architectures with controllable compactness
and order. Buehler’s group, for instance, imposed a high level of compactness—i.e. pore size reduction—
when modeling the mechanical properties of a theoretical gyroid constructed from continuous monolayer
graphene. When the quasi-compartmentalized spaces within the gyroidal architecture were sufficiently
small, the framework’s predicted mechanical properties were superior in respect to certain steels. This
may be attributable to the compactness and order of the architecture.

[0006] To impart order, directed synthesis techniques have been used. One way to direct synthesis
involves utilizing another structure as a sacrificial template, such that a desired three-dimensional
morphology is imparted to the templated structure. Then the template is removed. This approach is
essentially geomimetic; natural “incrustation pseudomorphs,” also known as “perimorphs,” are formed
via mineralization around a sacrificial scaffold that is later dissolved. For this reason, we describe
templated materials herein as perimorphs, and describe them as perimorphic. In some templating
techniques, porous templates are required. The pores are filled and replicated by the perimorphic material;
these techniques have been described as “negative replication.” In other templating techniques, the
perimorphic material does not fill the template’s pores, but instead just covers its surfaces, analogous to
papier-mach¢ being applied conformally over a form. These techniques are herein described as “surface
replication.”

[0007] Template-directed deposition techniques, such as chemical vapor deposition (“CVD”) can
conformally replicate a template’s surface. CVD decomposes a vapor-phase reactant at elevated
temperatures; for this reason, the template compounds for use in concert with CVD procedures tend to be
thermally stable metal oxides. Template-directed CVD is commonly used to synthesize graphenic carbon,
which possesses a two-dimensional molecular geometry that lends itself well to fine application. The
nucleation of graphenic lattices can be catalyzed by metal oxide surface defects. Subsequent extraction of
the templates can leave behind porous frameworks comprising a thin, nanostructured wall. These are

herein described as “perimorphic frameworks,” or simply as “frameworks.”
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[0008] Compared to other compounds with lesser thermal stability, metal oxides have the drawback of
being insoluble or only minimally soluble. For this reason, they are generally reacted with strong acids to
form soluble salts that can then be extracted into solution. A notable exception to this is the use of cubic
NaCl templates, which have been used in the template-directed CVD synthesis of hollow carbon cubes.
The NaCl crystals were easily extracted via dissolution in water. For lower-temperature template-directed
methods, such as liquid-phase coatings, a much broader range of template compounds with better
solubilities may be employed.

[0009] Another important factor in surface replication is whether or not the template is porous.
Replicating the surface of a nonporous template results creates a hollow perimorphic framework. Shi has
demonstrated cubic frameworks synthesized on nonporous NaCl cube templates. Tian has demonstrated
inorganic frameworks with tube-like and cube-like morphologies synthesized on nonporous magnesium
carbonate rod-like and cube-like templates. The hollow frameworks created by templating with
nonporous templates may be regular in morphology but are typically macroporous and lack compactness.
Additionally, nonporous templates of appreciable size have little surface area to replicate, meaning that
surface replication techniques produce little perimorphic mass in relation to the template mass consumed.
[0010] By contrast, surface replication of a porous template can be used to create perimorphic
frameworks that are ordered and more compact than aerogels or frameworks synthesized on nonporous
templates. Cui describes a template-directed CVD procedure employing porous magnesium oxide (MgO)
templates derived from magnesium carbonate precursor crystals to synthesize mesoporous graphene
fibers. Each mesoporous fiber comprised a perimorphic framework with a labyrinthine pore structure
inherited from the template’s porous architecture of conjoined, nanocrystalline subunits. Workers have
generated porous metal oxide templates derived from metal hydroxide or metal carbonate precursors.
[0011] The use of surface replication techniques on porous, metal oxide templates currently represents a
powerful means of synthesizing three-dimensional, porous architectures constructed from nanostructured
building blocks. However, industrial-scale processes employing porous metal oxide templates remain
uniquely challenging due to the voluminous inputs and outputs in relation to the product yielded. While
product yields associated with these porous templates may be higher than those associated with
nonporous, lower surface area templates, they can still be low.

[0012] Cui’s work on mesoporous graphene fibers affords an example. Even though the porous MgO
templates employed possessed a relatively high surface area of 36 m’g™! and 10-30 nm mesopores—
features that should increase the product yield—the MgO consumed was still over 30x more massive than
the perimorphic product yielded. The MgO templates were subsequently dissolved in 1 mol/L aqueous
hydrochloric acid (HCI), resulting in another 50x increase in mass. Excluding any rinsing, this synthesis

process would generate 3 orders of magnitude (OOM) more dilute magnesium chloride (MgCl,) liquid
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waste than perimorphic product. Even if fuming HCI were used, the aqueous waste stream would remain
2 OOM more massive than the perimorphic product before rinsing, and the concentrated MgCl, brine
waste might then necessitate treatment and further inputs. Also, more intensive rinsing of the perimorphic
product would be required, generating more dilute waste.

[0013] Rinsing of perimorphic frameworks with high specific porosity can be problematic when
producing these materials at industrial scale. To illustrate, we note that even after filtration, the water
mass retained within the pores of a perimorphic product like Cui’s graphene nanofibers might easily
exceed the template mass by 2 OOM. This is due to the high specific porosity of the latter. Assuming a 2
OOM difference, even a 0.1% weight concentration of MgCl; in the retained water might, upon drying,
leave behind a residual MgCl; mass equivalent to roughly 10% of the perimorphic mass. This impurity
level may render the perimorphic product unacceptable for many applications, including the
electrochemical applications for which carbon frameworks (produced with high purity at laboratory-scale)
have been shown to excel.

[0014] Again, it is noted that rinsing and purification problems would be even worse in relation to the
perimorphic frameworks produced via surface replication on nonporous templates (given their hollow,
typically macroporous interiors). However, they are still problematic for frameworks produced on porous
templates, and for these frameworks to be highly industrially useful, they should be producible with
reasonable purity levels at industrial scale. To achieve this purity using aqueous rinsing can generate far
more rinsate than conventional materials, exacerbating the aforementioned problems of voluminous
inputs and outputs.

[0015] Some of these challenges might be addressed by recycling the templates and the process liquids
employed to extract them from the perimorphic material. This could decrease the inputs and outputs
related to template synthesis and removal. Recycling templates involves harvesting the template
compound by extracting its ions from the encapsulating perimorphic phase, then reconstituting the
template to a desired chemical and morphological specification from the stock of harvested ions.
Recycling the process liquids employed means reusing some substantial fraction of the process liquids
without requiring energy-intensive distillation.

[0016] Recycled templates or template-like materials have been demonstrated. Of particular note, Tian
demonstrated the recycling of nonporous, crystalline metal carbonate templates. This procedure involved:
(1) liquid-phase application of an inorganic compound to the surface of a magnesium carbonate template;
(i1) dissolving the magnesium carbonate templates in carbonic acid to form a dilute, metastable
magnesium bicarbonate (Mg(HCO3),) solution; and (iii) using an ethanol antisolvent to destabilize the
metastable bicarbonate solution and to precipitate new magnesium carbonate crystals. In another work,

Tian utilized a similar approach to recycle porous MgO adsorbent materials that were derived from
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thermally decomposing magnesium carbonate precursor crystals. Similar porous MgO materials
constitute a template for the synthesis of perimorphic frameworks. This recycling procedure involved: (i)
dissolving a porous MgO material in carbonic acid to form a dilute, metastable Mg(HCOs); solution; (ii)
using an ethanol antisolvent to destabilize the bicarbonate solution and precipitate magnesium carbonate
crystals; and (iii) thermally decomposing the magnesium carbonate crystals to reconstitute a porous MgO
adsorbent material. It was noted in this latter procedure that the ethanol was used to accelerate
precipitation and also to control the morphology of the precipitated magnesium carbonate; this was
presumably the case in both of Tian’s procedures. It was further noted that without the solvent the
precipitate was agglomerated and irregular in morphology.
[0017] Tien indicated that while the template compound could be recycled without the antisolvent, the
template—inclusive of its chemical and morphological specifications—could not be. While the template
or template-like materials were ultimately recycled in both of these approaches, using an antisolvent not
only requires a large input of solvent, but also generates a dilute solvent waste stream that could not be
reused cyclically without distillation. While the template was recycled, the solvent waste generated may
be arguably worse than a brine waste. Hence, the problem with liquid waste could be exacerbated by this
approach.

Summary:
[0018] It would be desirable to produce carbonaceous perimorphic materials using an approach that
recycled both the template and the process liquids. This approach would reduce the required material
inputs and outputs, reducing cost and waste. The templates could be extracted from an encapsulating
phase of the carbonaceous perimorphic material and then be reconstituted to a desired chemical and
morphological specification. It would be especially desirable to develop a method for recycling metal
oxide templates or metal oxide-containing templates (including Group I and II metal oxides such as MgO)
without consuming strong acids or solvents. This has not been demonstrated in the prior art.
[0019] It would also be desirable to produce carbonaceous perimorphic materials using a method that
conserved a substantial fraction of the process liquids utilized in extraction and precipitation. Such a
method would reduce the liquids consumed and wasted. It would be especially desirable to conserve
process liquids without requiring large-scale distillation of miscible liquids.
[0020] It would also be desirable to produce carbonaceous perimorphic materials using a method that
avoided the retention of large masses of water inside their porous architectures. This would eliminate the
need for excessive rinsing of the templated carbonaceous products and avoid the generation of large
volumes of dilute liquid filtrates. It would also improve the purity of the templated carbonaceous

products.



WO 2022/060588 PCT/US2021/049195

[0021] Additionally, it would be desirable to develop carbonaceous perimorphic materials with novel
architectural features. This might include novel particle geometries, sizes, and aspect ratios that have not
yet been synthesized, as well as rationally designed, tunable pore structures. In particular, it would be
desirable to develop carbonaceous perimorphic frameworks with regular, equiaxed particle geometries
using a method that incorporated template recycling. It would also be desirable to develop carbonaceous
perimorphic frameworks with hierarchical-equiaxed particle geometries using a method that incorporated
template recycling.

[0022] It would also be desirable to synthesize carbonaceous perimorphic materials like those described
in the *308 Application, the *580 Application, the "473 Application, the 37435 Application, and the
’843B2 Patent using recycled templates.

[0023] The present disclosure demonstrates an industrially scalable method for synthesizing
carbonaceous perimorphic materials. The General Method is described according to 4 stages (the
Precursor Stage, the Template Stage, the Replication Stage, and the Separation Stage), which incorporate
a Template Cycle, wherein a portion of a template material is conserved for reuse, and a Liquid Cycle,
wherein a portion of a process liquid is conserved for reuse. While there are many potential variants of the
General Method, a notable variant is the Preferred Method, in which magnesium carbonate template
precursors are precipitated using solventless precipitation techniques and MgO templates are utilized to
make carbon perimorphic frameworks. The Preferred Method also incorporates a Gas Cycle, wherein a
portion of a CO; process gas is conserved for reuse.

[0024] The method dislosed herein can be used in conjunction with various industrial separation
techniques. Techniques that may be especially useful in separating hydrophobic carbonaceous
perimorphic products from stock solutions include froth-flotation and liquid-liquid separations. Therefore,
it is anticipated that the method disclosed herein may be augmented to include the use of known industrial
separation techniques.

[0025] The present disclosure also demonstrates novel perimorphic material architectures and variants of
the novel method that may be used to make them. In particular, equiaxed carbonaceous perimorphic
frameworks and hierarchical-equiaxed carbonaceous perimorphic frameworks are demonstrated.

[0026] It is an object of this invention to improve the scalability and economics of producing
carbonaceous perimorphic frameworks by providing a means of recycling template materials and process
liquids. It is also an object of this invention to provide a means of minimizing waste-streams generated by
template recycling. In particular, it is an object of this invention to provide a scalable means of creating

three-dimensional, controllably compact architectures constructed from graphenic carbon.
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[0027] It is another object of this invention to broaden the repertoire of templated morphologies that can
be synthesized and to provide techniques for controlling architectural features. This may allow template

materials to be designed rationally based on the requirements of a specific application.

Brief Description of Figures:

[0028] FIG. 1 is a cross-sectional diagram illustrating surface replication and the formation of a
perimorphic framework.

[0029] FIG. 2 is a cross-sectional diagram illustrating the formation of a perimorphic framework using a
porous template.

[0030] FIG. 3 is a cross-sectional diagram illustrating the difference between a perimorphic framework
in native and non-native morphological states.

[0031] FIG. 4A is a cross-sectional diagram illustrating the synthesis of a labyrinthine framework. FIG.
4B is an SEM micrograph of a labyrinthine framework.

[0032] FIG. 5A is a TEM micrograph of (at the top) a PC particle, comprising a layered carbonaceous
perimorphic phase and an MgO endomorphic phase, and (at the bottom) the perimorphic framework after
endomorphic extraction. FIG. 5B is a HRTEM micrograph showing the disordered, nematically aligned
graphenic layers of a synthetic anthracitic network comprising a section of the perimorphic wall.

[0033] FIG. 6 is a cross-sectional diagram illustrating different types of superstructural shapes that may
be formed. The crosshatching represents the cellular substructure at a smaller scale.

[0034] FIG. 7 is a cross-sectional diagram illustrating the formation of a labyrinthine framework under
restricted and unrestricted diffusion conditions.

[0035] FIG. 8 is a cross-sectional diagram that depicts four perimorphic frameworks with similar overall
volumes but varying compactness.

[0036] FIG. 9 is an illustration of a shuttling technique, wherein dissolution of an endomorph,
generation of a stock solution, and precipitation from the stock solution outside of the perimorphic
framework are shown to be happening concurrently.

[0037] FIG. 10 is an illustration of the General Method. The Template Cycle and Liquid Cycle are
labeled.

[0038] FIG. 11 is an illustration of the General Method with a Gas Cycle. A process gas is utilized to
generate the extractant in the Separation Stage and is recaptured during the Precursor Stage and/or

Template Stage.
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[0039] FIG. 12. is an illustration of the Preferred Method. In the Preferred Method, the stock solution
comprises Mg(HCO:3); solution, the template precursor comprises magnesium carbonate, the template
comprises MgO, and the perimorphic material is carbonaceous.

[0040] FIG. 13A is an illustration of a sequence incorporating shuttling, concentration of a stock
solution via increased CO; pressure, and solventless precipitaton via reducing CO: pressure. FIG. 13B is
an illustration of the use of a pressurized reactor being utilized to obtain endomorphic extraction and the
formation of a concentrated Mg(HCO5): stock solution.

[0041] FIG. 14 includes SEM micrographs of template precursor particles (N1) comprising nesquehonite
particles with elongated superstructures derived from an aqueous Mg(HCQO3), stock solution.

[0042] FIG. 15 includes SEM micrographs of template precursor particles (Hi) comprising
hydromagnesite particles with equiaxed, hierarchical-equiaxed superstructures derived from an aqueous
Mg(HCO:3); stock solution.

[0043] FIG. 16 includes SEM micrographs of template precursor particles (Hz) comprising
hydromagnesite particles with elongated, hierarchical superstructures derived from an aqueous
Mg(HCO:s); stock solution.

[0044] FIG. 17 is an SEM micrograph of template precursor particles (Hs) comprising hydromagnesite
particles with thin, platelike superstructures derived from an aqueous Mg(HCO3); stock solution.

[0045] FIG. 18 is an SEM micrograph of template precursor particles (L1) comprising lansfordite
particles with equiaxed superstructures derived from an aqueous Mg(HCO:3), stock solution.

[0046] FIG. 19 is an SEM micrograph of template precursor particles (M1) comprising magnesite
particles with equiaxed superstructures.

[0047] FIG. 20 is an SEM micrograph of template precursor particles (M) comprising magnesite
particles with equiaxed superstructures.

[0048] FIG. 21 includes SEM micrographs of template precursor particles (A1) comprising non-
crystalline magnesium carbonate particles with hollow, hierarchical-equiaxed superstructures derived
from an aqueous Mg(HCOs): stock solution. Some particles comprise thin fragments of hollow, spherical
shells.

[0049] FIG. 22 includes SEM micrographs of template precursor particles (Frames A through D) with a
hollow, hierarchical-equiaxed superstructure, and a TEM micrograph of carbon perimorphic frameworks
(Frame E) with a hollow, hierarchical-equiaxed superstructure. In Frame A, As-type precursor particles
are shown. In Frame B, A;-type precursor particles are shown. In Frame E, perimorphic frameworks

synthesized on templates derived from Ax-type particles are shown.
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[0050] FIG. 23 includes SEM micrographs of template precursor particles (C1) comprising magnesium
citrate particles with hollow, hierarchical-equiaxed superstructures derived from a stock solution of
aqueous magnesium citrate.

[0051] FIG. 24 is an optical micrograph of template precursor particles (E;) comprising epsomite
(magnesium sulfate heptahydrate) particles with elongated superstructures derived from a stock solution
of aqueous magnesium sulfate.

[0052] FIG. 25 includes SEM micrographs of template precursor particles (Hs) comprising
hydromagnesite particles derived from an aqueous Mg(HCOz3); stock solution with dissolved lithium
carbonate present at a concentration of 2.71- 107 mol kg™ Li.

[0053] FIG. 26 includes SEM micrographs of template precursor particles (Hs) comprising
hydromagnesite particles with hierarchical-equiaxed superstructures derived from an aqueous Mg(HCOs3)
stock solution with dissolved lithium carbonate present at a concentration of 2.74-10” mol kg™ Li.
[0054] FIG. 27 includes SEM micrographs of template precursor particles comprising magnesite
particles with equiaxed superstructures derived from an aqueous Mg(HCOs), stock solution. FIG. 27A
comprises Ms-type precursor particles. FIG. 27B comprises My-type precursor particles. FIG. 27C
comprises Ms-type precursor particles.

[0055] FIG. 28 includes optical micrographs of template precursor particles (N2) comprising
nesquehonite particles with elongated superstructures. This precursor material was derived from an
aqueous Mg(HCO3); stock solution, which was used first to precipitate lansfordite. The lansfordite was
then recrystallized into nesquehonite.

[0056] FIG. 29 includes optical micrographs of template precursor particles (N3) comprising
nesquehonite particles with elongated superstructures. This precursor material was derived from an
aqueous Mg(HCOs), stock solution, which was used first to precipitate lansfordite. The lansfordite was
then recrystallized into nesquehonite in the presence of a sodium dodecyl sulfate which is a surfactant.
[0057] FIG. 30 includes optical micrographs of template precursor particles comprising nesquehonite
particles precipitated from lansfordite. Frame A is a micrograph of nesquehonite particles precipitated
without surfactant. Frame B is a micrograph of nesquehonite particles precipitated in the presence of
sodium dodecyl sulfate surfactant.

[0058] FIG. 31 includes SEM micrographs of template precursor particles (Lii) comprising lithium
carbonate particles with hollow, hierarchical-equiaxed superstructures derived from a stock solution of
aqueous Li;COs. The colored arrows indicate the varied features such as pin-holes (red), breaches (blue)

and crumpled (yellow) spheres that may be observed.
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[0059] FIG. 32 includes SEM micrographs of porous MgO template particles (N1T1) made from N
template precursor particles. The template particles have inherited the precursors’ elongated
superstructure.

[0060] FIG. 33 includes SEM micrographs of porous MgO template particles (H;T1) made from H;
template precursor particles. The template particles have inherited the precursors™ hierarchical-equiaxed
superstructure.

[0061] FIG. 34 includes SEM micrographs of porous MgO template particles (H,T1) made from H»
template precursor particles. The template particles have inherited the precursors™ hierarchical-equiaxed
superstructure.

[0062] FIG. 35 includes SEM micrographs of porous MgO template particles (H:T2) made from H;
template precursor particles. The precursors’ hierarchical-equiaxed superstructure has been mostly lost
due to sintering.

[0063] FIG. 36 includes SEM micrographs of porous MgO template particles (M1T;) made from M,
template precursor particles. The template particles have inherited the precursors’ equiaxed
superstructure.

[0064] FIG. 37 includes SEM micrographs of porous MgO template particles (M1T2) made from My
template precursor particles. The template particles have inherited the precursors’ equiaxed
superstructure.

[0065] FIG. 38 includes SEM micrographs of porous MgO template particles (M1T3) made from M,
template precursor particles. The template particles have inherited the precursors’ equiaxed
superstructure.

[0066] FIG. 39 includes SEM micrographs of porous MgO template particles (M;T4) made from M,
template precursor particles. The template particles have inherited the precursors’ equiaxed
superstructure.

[0067] FIG. 40 includes optical micrographs of porous MgSO4 template particles (E1T1) made from Eq
template precursor particles. The template particles have inherited the precursors’ elongated
superstructure.

[0068] FIG. 41 includes SEM micrographs of porous MgO template particles. In Frame A, the porous
MgO template particles are made from undoped hydromagnesite particles. The conjoined subunits
average 50 nm to 60 nm. In Frame B, the porous MgO template particles (HsT1) are made from Li-doped
hydromagnesite particles. The template particles comprise conjoined subunits average 80 to 100 nm, with
some subunits as large as 200 nm. The template particles have inherited the precursors’ thin, plate-like

morphology. In Frame C, the porous MgO template particles (HsT;) are made from Li-doped
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hydromagnesite particles. The conjoined subunits average 100 nm to 300 nm. The template particles have
inherited the precursors’ thin, plate-like morphology.

[0069] FIG. 42 includes SEM micrographs of porous MgO template particles (HsT1) made from He
template precursor particles. The template particles have inherited the precursors’ elongated
superstructure.

[0070] FIG. 43 is a set of SEM micrographs comparing the carbon perimorphic frameworks. In Frame
A, frameworks of type Pi are shown, which are made from M3T1P; PC particles. In Frame B, frameworks
of type Py are shown, which are made from M4T1P1o PC particles. In Frame C, frameworks of type Pao
are shown, which are made from MsT1P2 PC particles.

[0071] FIG. 44 includes SEM micrographs of porous MgO template particles (M;T4) made from M,
template precursor particles. The template particles have inherited the precursors’ equiaxed
superstructure.

[0072] FIG. 45 includes SEM micrographs of PC particles (N2 T1P21). The template particles (N2Th)
were made by treating N> template material with heat and water vapor.

[0073] FIG. 46 shows the TGA rate of mass loss (%/°C) for the N> template precursor material. In
Frame A, the rate of mass loss is shown for a sample heating rate of 5°C per min and a sample heating
rate of 20°C per min under 100 sccm flowing Ar. In Frame B, the rate of mass loss is shown for a sample
heating rate of 5°C per min and a sample heating rate of 20°C per min under 100 sccm flowing CO;.
[0074] FIG. 47 includes SEM micrographs of porous MgO template particles (N.T4) made from N,
template precursor particles. The N, template precursor material was heated under flowing Ar at a rate of
5 °C per minute.

[0075] FIG. 48 includes SEM micrographs of porous MgO template particles (N2Ts) made from N,
template precursor particles. The Nz template precursor material was heated under flowing Ar at a
stepsstages rate of 20°C/min. In Frame A, the red arrows indicate swollen regions of the elongated
superstructure typical of these template particles. The swollen regions are associated with internal
macropores created during the heat treatment. In Frame B, an internal macropore is shown.

[0076] FIG. 49 includes SEM micrographs of porous MgO template particles (N2Ts) made from N,
template precursor particles. The N, template precursor material was heated under flowing CO; at a
heating rate of 20°C/min to a temperature of 350°C, then further heated at a heating rate of 5°C per
minute.

[0077] FIG. 50 includes SEM micrographs of porous MgO template particles (N2T7) made from N,
template precursor particles. Red arrows indicate failures associated with the formation and swelling of

internal macropores in the template particles.
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[0078] FIG. 51 includes SEM micrographs of carbon perimorphic frameworks made on porous MgO
template particles (L2T1). The frameworks comprise both elongated and thin features due to uncontrolled,
localized recyrstallization during the Template Stage. The elongated and thin features are indicated by red
arrows.

[0079] FIG. 52 includes SEM micrographs of PC structures and carbon perimorphic frameworks made
on porous MgO template particles (LsT1).

[0080] FIG. 53 includes SEM micrographs of PC particles derived from LsT; template particles. Frames
A and B show the typical superstructure associated with the PC structures. Frame C shows a magnified
surface.

[0081] FIG. 54 includes SEM micrographs of porous MgO template particles (A1T1) made from Ay
template particles. The yellow box and magnified inset demonstrates the porous substructure of the shell
of the hollow-spherical particles.

[0082] FIG. 55 includes SEM micrographs of porous MgO template particles (A3;T1) made from Aj
template particles. The shell contains macropores, which are an inherited feature also present in the Az
template precursor’s superstructure. Several macropores are circled with a yellow dotted line.
Additionally, the shell contains mesopores created by decomposition of the Az template precursor.

[0083] FIG. 56 is an SEM micrograph of carbon perimorphic frameworks (P17) produced from
endomorphic extraction of the Ca;iT1P17 PC material. The frameworks mostly retain their native
morphology and mirror the templating surfaces of the template material Ca;T;.

[0084] FIG. 57 is an SEM micrograph of a carbon perimorphic framework (P1s), produced from
endomorphic extraction of the LiiT1P1s PC material. The framework has retained its native morphology
and mirrors the templating surface of the displaced template particle.

[0085] FIG. 58 includes optical micrographs of a mixture created by endomorphic extraction via a
shuttling technique. The micrograph in Frame A reveals two distinct phases: nesquehonite particles and
carbon perimorphic frameworks. The frameworks are sometimes deformed, as indicated by the yellow
arrows. The micrograph in Frame B reveals one of the carbon perimorphic frameworks. The region in the
yellow square is magnified in the micrograph in Frame C.

[0086] FIG. 59 includes SEM micrographs of spray-dried MgSO, template precursors (in Frame A) and
carbon perimorphic frameworks derived from these precursor particles (in Frames B and C). The cellular
substructure of the frameworks indicates the formation of a porous template from the MgSQ, precursors
during the Template Stage.

[0087] FIG. 60 is a photograph of the result of a liquid-liquid separation, wherein hexane was blended
into an aqueous mixture of carbon perimorphic frameworks and nesquehonite. The carbon perimorphic

frameworks migrate into the black hexane phase at the top of the scintillation vial, while the nesquehonite
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remains in the aqueous phase at the bottom, which appears mostly white (albeit with some carbon
particles mixed in and adhered to the sides of the scintillation vial).

[0088] FIG. 61 is a photograph showing an initial mixture of carbon perimorphic frameworks and their
subsequent flotation when the flask is placed under partial vacuum.

[0089] FIG. 62 includes SEM micrographs of a carbon perimorphic framework generated from surface
replication on an ex-nesquehonite template particle followed by endomorphic extraction. The substructure
comprises mesoporous cellular subunits that possess a consistent, equiaxed morphology and size
throughout the superstructure. Frame A shows the particle imaged at 250,000x magnification. Frame B
shows the particle at 100,000x magnification. Frame C shows the particle at 25,000x magnification.
[0090] FIG. 63 includes SEM micrographs of carbon perimorphic frameworks generated from ex-
nesquehonite, porous MgO template particles. The frameworks comprise fibroidal and tubular elongated
superstructures and cellular substructures comprising conjoined, mesoporous and macroporous subunits.
[0091] FIG. 64 includes SEM micrographs of carbon perimorphic frameworks generated from ex-
hydromagnesite, porous MgO template particles. The frameworks comprise both thin and hierarchical-
equiaxed superstructures and mesoporous, cellular substructures.

[0092] FIG. 65 is an SEM micrograph of permorphic carbon frameworks generated from ex-
hydromagnesite template particles. Mechanical agitation during endomorphic extraction has created
individualized, thin particles that stack with one another.

[0093] FIG. 66 is an SEM micrograph of carbon perimorphic frameworks generated from ex-
hydromagnesite template particles. A prolonged thermal treatment in the Template Stage and mechanical
agitation during endomorphic extraction have created smaller clusters of subunits with no clear higher-
order organization.

[0094] FIG. 67 is an SEM micrograph of carbon perimorphic frameworks generated from ex-
hydromagnesite, sintered MgO template particles. The frameworks comprise quasi-polyhedral cellular
subunits larger than 100 nm in diameter.

[0095] FIG. 68 includes optical micrographs of carbon perimorphic frameworks springing back to their
native architecture from a non-native, shrunken state created by evaporative drying.

[0096] FIG. 69 includes SEM micrographs of carbon perimorphic frameworks generated from elongated
template particles (N2T4). These carbon frameworks comprise flexible, porous carbon fibers, as shown in
Frame A. The cellular substructure is indistinct due to deformation of the thin perimorphic wall, as shown
in Frame B.

[0097] FIG. 70 includes SEM micrographs of carbon perimorphic frameworks generated from elongated

template particles (N2Ts). These carbon frameworks showed damage and fraying.
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[0098] FIG. 71 includes SEM micrographs of carbon perimorphic frameworks (P21) produced from
endomorphic extraction of the N2T1P21 PC particles. The frameworks are crumpled and cohered to one
another via van der Waals interactions between the perimorphic walls. The N,T; template particles were
made by treating N, template material with heat and water vapor.

[0099] FIG. 72 includes SEM micrographs of carbon perimorphic frameworks. Frame A shows
frameworks produced on porous MgO template particles (N>T4). Frame B shows frameworks produced
on porous MgO template particles (N2T1). The N»T; template particles were generated after treatment
with heat and water vapor, increasing the size of the subunits relative to the N> T4 subunits. This
difference in the templates can be observed after endomorphic extraction based on the smoother
appearance of the frameworks in Frame A and the crumpled appearance of the frameworks in Frame B.
[0100] FIG. 73 includes SEM micrographs of template precursor particles and carbon perimorphic
frameworks derived from them. In Frame A, precipitated calcium carbonate (CaCOs) template precursor
particles are shown. In Frame B, carbon frameworks derived from templates made from these precursors

are shown.

Brief Description of Tables:

[0101] Table 1 is a compilation of the samples discussed in this disclosure. Table 1 is arranged to show
the progression of the materials through the 4 stages of the General Method.

[0102] Table 2 is a compilation of the Raman peak positions derived from the average Raman spectra
and the theoretical TGA mass loss for the hydrated magnesium carbonate template precursors.

[0103] Table 3 is a summary of the N, adsorption analysis of the template particles of Na-doped
magnesite template precursors. The table shows the template materials, the template precursor materials
used to generated the template materials, the Na molality of the stock solution used to generate the
template precursor materials, and the furnace schemes and temperatures used to convert the template
precursor materials into template materials. The template materials” Brunauer—-Emmett—Teller (BET)
surface area, BJH pore volume, template space (%), and template porosity (%) are shown.

[0104] Table 4 is a summary of the N adsorption analysis of the template materials generated from N,
template precursor materials with and without the use of H,O during the heat treatment. The table shows
the template materials, the template precursor materials used to generated the template materials, the
furnace schemes and temperatures used to convert the template precursor materials into template
materials, and the treatment atmospheres. The template materials” BET surface area, BJH pore volume,

template space (%), and template porosity (%) are shown.
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[0105] Table S is a summary of the exemplary Template Stage procedures and materials used to
understand peapod formation during thermal decomposition of template precursor particles in Ar and CO,
atmospheres.

[0106] Table 6 is a summary of the Template Stage treatment protocols used to generate all the
templates used as templates in the Replication Stage examples. It lists the template precursor, the furnace
scheme, the temperature-time-gas conditions use for each segment.

[0107] Table 7 is a summary of the CVD synthesis protocols used to generate all the PC materials used
as the Replication Stage examples. It lists the templates, the furnace scheme, the temperature-time-gas
conditions use for each segment.

[0108] Table 8 is a summary of the Raman data of the carbon frameworks along with the relevant CVD
parameters for all the Replication Stage carbons. The CVD parameters include the temperature-gas type-
yield for each Replication Stage carbon. The Raman data includes laser power used along with Ip/Ig -

It/Ig peak intensity ratios, G and D peak positions and G-D peak wavenumber spread.

Detailed Description:

[0109] The Detailed Description begins with initial section of “Terms and Concepts™ that provides
language and concepts for describing and understanding the invention. Subsequent sections are organized
according to the following four stages of the method: the “Precursor Stage,” the “Template Stage,” the
“Replication Stage,” and the “Separation Stage.” A number of exemplary procedures and materials
pertaining to each of the 4 stages are demonstrated. Many potential variants of each stage might be readily
conceived by those knowledgeable in the art and combined to form numerous variants without deviating
from the method.

[0110] The Detailed Description is organized according to the following sections:

L Terms and Concepts
II. Description of the General Method and Variants
1. Furnace Schemes, Analytical Techniques and Material Naming

Iv. Precursor Stage - Examples
V. Template Stage - Examples
VL Replication Stage - Examples
VII.  Separation Stage - Examples

VII.  Perimorphic Framework Examples

[0111] I. Terms and Concepts

[0112] A “template,” as defined herein, is a potentially sacrificial structure that imparts a desired
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morphology to another material formed in or on it. Of relevance for surface replication techniques are the
template’s surface (i.e. the “templating surface™), which is positively replicated, and its bulk phase (i.c.
the “templating bulk™), which is negatively replicated. The template may also perform other roles, such as
catalyzing the formation of the perimorphic material. A “templated” structure is one that replicates some
feature of the template.

[0113] A “perimorph” or “perimorphic” material is a material formed in or on a solid-state or “hard”
template material.

[0114] “Surface replication,” as defined herein, comprises a templating technique in which a template’s
surface is used to direct the formation of a thin, perimorphic wall of adsorbed material, the wall
substantially encapsulating and replicating the templating surface upon which it is formed. Subsequently,
upon being displaced, the templating bulk is replicated, in negative, by an endocellular space within the
perimorphic wall. Surface replication creates a perimorphic framework with a templated pore-and-wall
architecture.

[0115] A “perimorphic framework™ (or “framework™), as defined herein, is the nanostructured perimorph
formed during surface replication. A perimorphic framework comprises a nanostructured “perimorphic
wall” (or “wall”) that may range from less than 1 nm to 100 nm in thickness but is preferably between 0.6
nm and 5 nm. Insomuch as it substantially encapsulates and replicates the templating surface, the
perimorphic wall can be described as “conformal.” Perimorphic frameworks may be made with diverse
architectures, ranging from simple, hollow architectures formed on nonporous templates to labyrinthine
architectures formed on porous templates. They may also comprise different chemical compositions. A
typical framework may be constructed from carbon and may be referred to as a “carbon perimorphic
framework.”

[0116] An “endomorph,” as defined herein, comprises a template as it exists within a substantially
encapsulating perimorphic phase. Therefore, after the perimorphic phase has been formed around it, the
template may be described as an endomorph, or as “endomorphic.”

[0117] A “perimorphic composite,” or “PC” material, as defined herein, is a composite structure
comprising an endomorph and a perimorph. A PC material may be denoted x@y, where x is the
perimorphic element or compound and y is the endomorphic element or compound. For example, a PC
structure comprising a carbon perimorph on an MgO endomorph might be denoted C@MgO.

[0118] The term “positive” is used herein to describe a space that is occupied by a solid mass. The space
occupied by the endomorph (i.c. the “endomorphic space™) in a perimorphic composite is an example of
positive space. A nonporous template comprises only positive space. Exempting the space occupied by its

thin wall, a perimorphic framework comprises no positive space.

16



WO 2022/060588 PCT/US2021/049195

[0119] The term “negative” is used herein to describe a space that is unoccupied by a solid or liquid
mass. A negative space may be empty, gas-filled, or liquid-filled. The pores inside an unimpregnated,
porous template comprise negative space. A porous template comprises both positive and negative space.
Exempting the space occupied by its thin wall, a perimorphic framework comprises only negative space.
[0120] The term “cellular” is used herein to describe the pore-and-wall morphology associated with
perimorphic frameworks. A “cell” or “cellular subunit™ comprises a specified endocellular pore and
region of the perimorphic wall around the pore.

[0121] The term “endocellular” is used herein to describe a negative space in a perimorphic framework
that is formed by the displacement of the endomorph from the perimorphic composite. Like the
endomorph whence it derives, the endocellular space is substantially encapsulated by the perimorphic
wall.

[0122] The term “exocellular” is used herein to describe a negative space in a perimorphic framework
that is inherited from the pore space of the perimorphic composite, which is in turn inherited from the
pore space of a porous template. We note that an exocellular space, despite the “exo-* prefix, maybe
located substantially inside a perimorphic framework.

[0123] A perimorphic framework’s endocellular and exocellular spaces are substantially separated by the
perimorphic wall. However, the ability to displace the endomorph from the template composite implies
that the wall is somewhere open or an incomplete barrier, since a perfectly encapsulated endomorph could
not be displaced. Therefore, while a perimorph is herein described as substantially encapsulating a
templating surface, the encapsulation may nevertheless be incomplete or subject to breach.

[0124] The term “native” is used herein to describe the morphological state of a perimorphic structure in
the perimorphic composite. A “native” feature comprises a feature that is substantially in its native state,
and we may refer to a structure as “natively” possessing some feature (¢.g. a perimorphic wall that is
natively 1 nm thick). After displacement of the endomorph from the perimorphic composite, the
perimorph may either substantially retain its native characteristics, or it may be altered.

[0125] The term “non-native” is used herein to describe a morphological state of a perimorphic structure
that is substantially altered from its native morphological state (i.e. its original state in the perimorphic
composite). This alteration may occur at the substructural or superstructural levels. For example, during
evaporative drying of an internal liquid, a perimorphic wall may be pulled inward by the liquid,
collapsing a portion of the endocellular space. A framework’s deformation into a non-native, collapsed
morphology may be reversible—i.e. the framework may be able to substantially recover its native
morphology.

[0126] The term “labyrinth” or “labyrinthine” is used herein to describe a network of interconnected
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pores in a template or a perimorphic framework. A labyrinth may be endocellular or exocellular. A
perimorphic framework formed on a porous template may natively comprise endocellular and exocellular
labyrinths; therefore, a framework formed on porous templates may be described as a “labyrinthine
framework.” The endocellular and exocellular labyrinths of a labyrinthine framework, while not
overlapping, may be interwoven. Labyrinthine frameworks comprise a preferred class of perimorphic
frameworks.
[0127] A “template precursor,” or “precursor,” as defined herein, is a material from which a template is
derived via some treatment that may comprise decomposition, grain growth, and sintering. A template
may retain a pseudomorphic resemblance to the template precursor; therefore, engineering the precursor
may offer a way to engineer the template. The precursor is formed within a process liquid and is derived
from a stock solution.
[0128] The term “superstructure” is herein defined as the overall size and geometry of a porous template
or perimorphic framework. A perimorphic framework’s superstructure may be inherited from the
morphology of the template precursor. The superstructure of a perimorphic framework is important
because the overall size and geometry of a framework will influence its properties, including how it
interacts with other particles. Some superstructures may facilitate the drying of a wet paste of perimorphic
frameworks into a fine powder, whereas other superstructures may cause a wet paste to dry into
macroscopic granules, which may require subsequent grinding. Superstructures may comprise the
following shapes:
e “Equiaxed,” herein defined as a shape that is similar in size (less than 5x difference
in size) along its major axis, intermediate axis, and minor axis.
e “Elongated,” herein defined as a shape that is significantly larger (5x up to 50x) in
size along its major axis than along its intermediate and minor axes.
e “Thin,” herein defined as a shape that is more than 5x larger along its major axis and
intermediate axis than it is along its minor axis.
e “Hierarchical,” herein defined as an equiaxed or elongated shape with thin features.
[0129] The term “substructure” is herein defined as the localized morphology—i.e. the internal
architecture—of a porous template or perimorphic framework. Certain porous templates or perimorphic
frameworks have a substructure comprising repeating, conjoined substructural units, or “subunits.”
Different substructures may be characterized by subunits of different shapes, sizes, and spacings from one
another.
[0130] The term “noncellular” is used herein to describe a negative space inside that is not considered

herein to be templated, nor to be part of a perimorphic framework, but that is nevertheless substantially
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surrounded by and located within a framework. Noncellular space is not templated space because it does
not correspond strictly to a template’s positive space, negative space, or surface, and it is only present
when surface replication is not able to occur on some portion—typically an inaccessible interior region—
of a templating surface.

[0131] Noncellular space may be desirable for density reduction in certain applications and may be
engineered using a combination of rational template engineering and diffusion-limited synthesis
techniques. In particular, large template precursors may be used to create large templates, which with
minimal sintering may combine long diffusion pathways with small pores. Rational design of the surface
replication parameters may also help. For instance, during CVD, low concentrations of the carbonaceous
vapor may be more easily scavenged by reactive sites and prevented from penetrating throughout the
porous substructure of the porous template.

[0132] Another way density reduction can be achieved is via the use of porous template precursor
materials. This results in an exocellular internal porosity that is preferable to noncellular space because it
is more engineerable and does not require diffusion constraints. Porous template precursors may be made
with the use of blowants (e.g. hollow microspheres produced during spray-drying) or via the use of
sacrificial materials when making the template precursors (e.g. synthesizing the template precursor
around sacrificial micelles or polymers).

[0133] The concept of “compactness” herein relates to the area of perimorphic wall contained within a
given volume of a perimorphic framework—i.e. a volumetric surface area. A framework with a more
compact substructure will possess a finer, denser arrangement of perimorphic wall within a given volume,
whereas a framework with a less compact substructure will possess a coarser, more spatially diffuse
arrangement of perimorphic wall within a given volume. Porous templates, and the labyrinthine
frameworks formed on them, may be engineered to have different levels of compactness. Compactness
comprises a measure of a framework’s mesoscale crosslinking—i.e. crosslinking not at the molecular
scale, but at a higher scale, where crosslinking is derived from the topology of the templating surface.
[0134] A perimorphic framework’s compactness and pore phases may be modulated by engineering the
template’s positive and negative spaces. For example, a porous MgO structure produced by decomposing
a magnesium carbonate precursor has a positive space comprising a network of conjoined, MgO
crystallites. Its negative space comprises a porous network running between the MgO crystallites and
throughout the structure. It is well-known that the crystallites may grow at elevated temperatures,
coarsening the grain structure. The same process may also lead to growth and coarsening of the pores.
This coarsening of the positive and negative spaces will reduce the porous MgO template’s surface area,

and therefore reduce the compactness of a perimorphic framework formed on the template. At the same
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time that the template is coarsening, it will be densifying, and its densification will reduce the amount of
exocellular space in a perimorphic framework formed on the template.

[0135] The coarseness of a template may be important for many reasons. For example, enlarging a
templte’s pores and reducing its surface arca may permit faster, deeper diffusion of a reactive vapor
throughout the template’s pores during CVD. The perimorphic walls synthesized in such processes may
be more uniform in thickness if adequate diffusion kinetics can be achieved.

[0136] A perimorphic framework’s compactness and pore phases may also be modulated by selecting
different template precursors. Different precursors will have different fractions of labile mass. A
template’s negative space will depend on how much of the template precursor’s starting mass is lost
during its decomposition. Calcining template precursors that contain large fractions of labile species—for
instance, highly hydrated salts—may result in porous templates with high specific porosity that are more
open to diffusive flows during CVD. Such templates may also be desired if more exocellular space is
desired in the perimorphic framework.

[0137] The term “recycled” is used herein to describe process materials being utilized in a given step of
the production process that have previously been utilized for that step. Since practical losses of process
materials (¢.g. process liquid losses from evaporation or filtration) during production of a perimorphic
product may occur, virgin process materials may be used to replenish these losses, and a “recycled”
process material may partially comprise virgin material.

[0138] “Process materials,” as defined herein, comprise potentially recyclable non-perimorphic materials
utilized to generate perimorphic materials. Process materials may comprise process liquids, process gases,
extractants, template precursor materials, and template materials.

[0139] A “stock solution,” as defined herein, comprises solvated cations and anions and a process liquid,
the solvated ions being hosted by the process liquid (which may be referred to in this context as the
“host™). A stock solution is formed in the Separation Stage. A precursor is derived from a stock solution
through one or more precipitation, dissolution, or decomposition reactions.

[0140] A “process liquid,” as defined herein, is a feedstock of either liquid water ( “process water™) or
solvent (“process solvent”) utilized in the Precursor Stage and the Separation Stage. The process liquid
may play a number of different roles in these stages. In the Precursor Stage, the formation of a template
precursor is hosted by the process liquid, and the precursor may incorporate the process liquid into its
crystal—for instance, a hydrous salt may be formed in process water and incorporate some of the process
water into its crystal structure. In the Separation Stage, an extractant is hosted by the process liquid, and
the solvated ions produced by reactions between the template, process liquid, and extractant are hosted by

the process liquid. The process liquid may be involved in the production of the extractant and may itself
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react with the template during the Separation Stage.

[0141] A “residual liquid,” as defined herein, is a portion of process liquid, which may or may not host
solvated ions, that remains unseparated from a solid (e.g. a precursor or a perimorphic product) upon
separation of the solid from the main portion of the process liquid. Residual liquid may be contained
within a perimorphic product or wetted to its surface. Residual liquid may comprise a very small fraction
of the overall process liquid. A solid’s retention of residual liquid may require further separation if a dry
solid is desired.

[0142] An “extractant,” as defined herein, comprises an acid hosted by a process liquid, the two phases
together comprising an “extractant solution.” The extractant may be present in the extractant solution in
very dilute concentrations. In some cases, the extractant may be produced from (and within) the process
liquid. For example, a carbonic acid (H.COs) extractant may be produced from (and within) a process
water, according to the reaction HxOqy + COxqq) =+ HaC{lr0g)-

[0143] “Endonwsrphic extraction,” as defined heroin, covaprises the selective removal of a portion of an
endomorph from a perimorphic composite. Endomorphic exiraction comiises a reaction between an
endomorph and an extractant solution that produces solvated ions that are exfittrated from the swrrounding
perimaorph, mesulting 1o consureent displacement of the codomorph, conzumption of the oxtractant from
the extractant solution, and generation of a stock sohdion. Generally, the removal of substantially all of an
endomorph’s mass is desired. Oceastonally. the partial removal of an codomorph’s mass may be desired,
or only partial removal of an endomorph’™s mass may be achievable.

[0144] “Permorphic separation,” as defined berein, corprises the separation of a permmorplue product
after endomorphic extraction from non-pormorphbic, conserved process materials. Conserved, non-
poervnorphic phases may comprise process Heand, stock solution, and precipitates of the stock solution,
Permmorphic separation may comprise many ditferont industrial separation tochnigues, ez filiration,
centrifugation, froth flotation, solvent-based separations, ete ).

[0145] A “solventless precipitation,” as defined herein, comprises the precipitation of a template
precursor in the Precursor Stage, wherein the precipitation is substantially driven by a solution
destabilization mechanism that does not require the introduction of a miscible antisolvent into the process
liquid. As a first example of a solventless precipitation technique, a stock solution may be spray-dried. As
a second example of a solventless precipitation technique, a metastable metal bicarbonate stock solution
may be depressurized to reduce COs solubility, causing CO; gas to be released and a metal carbonate to
be precipitated. We note that the term “solventless precipitation™ does not imply the absolute absence of a
miscible liquid or solvent during precipitation, but rather indicates that precipitation is not principally

driven by mixing a miscible liquid into the stock solution. One scenario that could be envisioned is a
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miscible liquid mixed with the process liquid that remains at substantially the same concentration
throughout the Liquid Cycle.

[0146] “Shuithing,” as defined herein, comprises an endomorphic extraction techmigue that mayv be used
durimg the Separation Stage, wherein, concurrently: (i) an oxtractant is gonerated via reastion of a process
gas with a process hguid; (i1} an endomorph i3 reacted with the extractant solation; {iu) the extractan is
conswoed; (v the solvated wins in the stock sobiution are exfilirated fron a pervmorph; and (V) a
precipitate is formed from the stock sclotion outside of the perimorph. For example, shuitling may
comprise, conauwrrently: {1} fornung HyCO exractant via dissolving COs info process water: (1) reacting
an Mg endomorph with the HxCOs extractant solution; (111} consuming FCGh: (iv) forning Me™ and
(HOCG) tons that are exfiltrated from a perimorph; and (v} precipitating magnesium carbonate in the
surrounding process water.

[0147] “Mpgl:xH.07 is herein used to describe 2 magnesium carbonate. It may comprise any hydrous
o1 anbivdrous magoesium carbonate, as well as basic magnesium carbonates such as hyvdromagnesite.
[0148] A “Template Cycle,” as defined herein, comprises a cyclical loop in which a template is
constituted, utilized, and reconstituted.

[0149] A “Liquid Cycle,” as defined herein, comprises a cyclical loop in which a process liquid is
utilized for liquid-phase extraction of the endomorph and liquid-phase formation of the precursor.

[0150] A “Gas Cycle,” as defined herein, comprises a cyclical loop in which a process gas is dissolved
into a process liquid to create an extractant solution, then subsequently released and recaptured. The
release may be associated with the formation of either a template precursor or a template.

[0151] The “yield” of a perimorphic material, or of a procedure used to make the perimorphic material,
is defined herein as the perimorphic mass divided by the sum of the endomorphic and perimorphic
masses. The yield can be used to understand how much template material is required to create a given
amount of perimorphic material.

[0152] FIG. 1 is a cross-sectional diagram that illustrates surface replication. The first structure in the
sequence represents a simple, nonporous template, comprising a templating bulk and templating surface.
The second structure in the sequence represents a PC structure comprising an endomorph and perimorph.
This composite is formed by application of a conformal perimorphic wall on the templating surface. The
third structure in the sequence comprises a perimorphic framework in a liquid. This represents the
framework after displacement of the endomorph via liquid-phase extraction. The fourth structure in the
sequence represents the framework in its native state after drying. The perimorphic framework’s wall
substantially replicates the templating surface and its pore substantially replicates the templating bulk.

[0153] FIG. 2 is a cross-sectional diagram that illustrates the formation of a perimorphic framework
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using a porous template. The first structure in the sequence represents a template with several pores
leading to a central pore. The entire pore space is unoccupied by a solid or liquid mass and comprises a
negative space. The second structure in the sequence represents a PC structure comprising an endomorph
and perimorph. This composite is formed by application of a conformal perimorph on the templating
surface. The PC structure comprises a positive space associated with the endomorph and a negative space
associated with the pores of the porous template. The third structure in the sequence represents a
perimorphic framework formed by displacement of the endomorph. The framework comprises a negative,
endocellular space, corresponding to the PC structure’s endomorph, and a negative, exocellular space,
corresponding to the PC structure’s pores. The endocellular and exocellular spaces are both located inside
the perimorphic framework.

[0154] FIG. 3 is a cross-sectional diagram that illustrates the difference between a perimorphic
framework in native and non-native morphological states. The first structure in the sequence represents a
PC structure comprising an endomorph and perimorph. The morphology of the perimorph in the PC
structure represents its native morphology. The second structure in the sequence represents a perimorphic
framework formed by displacement of the endomorph. Its morphology is substantially unaltered from its
original morphology in the PC structure, and therefore it is in its native state. The third structure in the
sequence represents a perimorphic framework that has been deformed and collapsed. In this non-native
state, the wall no longer represents a replica of the templating surface, nor does the endocellular space
represent a negative replica of the endomorph. If elastically deformed, the framework might be reversibly
deformed back into its native morphology.

[0155] FIG. 4A is a cross-sectional diagram that illustrates the synthesis of a labyrinthine framework.
From left to right, the first structure in the sequence represents a template precursor. The second structure
represents a porous template. The porous template comprises a labyrinth of connected template pores
(although their connectedness is not represented in cross-section). The surface of this porous structure
directs the formation of the perimorph. The third structure in the sequence represents a PC structure
comprising an endomorph and perimorph. The labyrinth of template pores in the template is inherited by
the PC structure. The fourth structure in the sequence represents a labyrinthine framework formed by
displacement of the endomorph. The framework natively comprises an endocellular labyrinth, mirroring
the template’s positive space, as well as an exocellular labyrinth, mirroring its negative space. The
endocellular and exocellular labyrinths, while not overlapping, are interwoven throughout the
framework’s volume.

[0156] FIG. 4B is an SEM micrograph of a labyrinthine carbon framework synthesized on a porous
MgO template. The endomorph has been displaced and the framework has retained its native morphology.
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From the main image, we can discern that the framework comprises a rhombohedral superstructure. This
superstructure is inherited from a rhombohedral magnesite precursor. From the magnified inset, we can
discern the cellular substructure of conjoined cellular subunits. Two such subunits are outlined and
labeled in the magnified inset. Each cellular subunit comprises an endocellular pore and an encapsulating
portion of the perimorphic wall. We can also discern exocellular pores in the magnified inset, and two
such pores are labeled. Exocellular labyrinths traverse the interior of the framework, interwoven with the
endocellular labyrinth.

[0157] FIG. 5A is a TEM micrograph of (at the top) a PC particle, comprising a graphenic perimorphic
phase and an MgO endomorphic phase, and (at the bottom) a graphenic perimorphic framework after
endomorphic extraction. FIG. 5B is a HRTEM micrograph showing the disordered, nematically aligned
graphenic layers comprising a section of the perimorphic wall.

[0158] FIG. 6 is a cross-sectional diagram that illustrates the four categories of superstructural shapes:
elongated, thin, equiaxed, and hierarchical-equiaxed. The crosshatching represents the smaller-scale
cellular substructure present throughout the superstructure. The exemplary “hierarchical-equiaxed”
superstructure shown in FIG. 6 is a hollow sphere with a thin shell.

[0159] FIG. 7 illustrates how density reduction of a perimorphic framework can be achieved via
hierarchical pore engineering. This is a cross-sectional representation, so the template subunits, while
appearing disconnected, are connected. FIG. 7A illustrates the creation of a density-reducing noncellular
space within a perimorphic framework via a diffusion-limited surface replication procedure. In this case,
the template precursor can be nonporous. Diffusion limitations may prevent the uniform distribution of an
adsorbate material throughout the porous substructure. This may favor the creation of a perimorphic wall
with some gradient of thickness and completeness, and in some instances, this may even result in a
hollow, noncellular space inside the perimorphic framework, as illustrated in FIG. 7A. FIG. 7B
illustrates the creation of a density-reducing exocellular space within a perimorphic framework via a
porous template precursor material created around a trapped region of gas. This may occur due to the
effects of an internal blowant or due to formation around a bubble. FIG. 7C illustrates the creation of a
density-reducing exocellular space within a perimorphic framework via a porous template precursor
material created around a sacrificial material that is subsequently removed.

[0160] FIG. 8 is a cross-sectional diagram that illustrates three labyrinthine frameworks with different
substructures. The substructure represented on the left of the diagram is the least compact of the three. Its
volume is similar to the volume of the others, but it contains less perimorphic area within this volume.
The substructure represented in the center of the diagram is somewhat more compact than the left-hand

substructure, because its volume contains more perimorphic area. The substructure represented on the
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right of the diagram is the most compact—its volume, though similar to the volume of the other two
substructures, contains the most perimorphic area. This diagram demonstrates that a perimorphic
framework’s compactness is imparted by the volume-specific surface area of the porous template—i.e.
the total amount of internal and external surface area per unit of template volume, where the template
volume includes the template’s positive and negative spaces.
[0161] FIG. 9 is a cross-sectional diagram that illustrates shuttling. The first frame in the sequence
represents a PC material immersed in an extractant solution. The second frame in the sequence represents
a perimorphic framework containing an incompletely extracted endomorph. The endomorph’s reaction
with the extractant solution is ongoing in this second frame. The scivated tons formed from this reaction
are being diffusively exfiltrated from the perimorphic framework, as imdicated by the arrows, and are
being procipitated i the surrounding procoss liquid. fo other words, the endomorphic roass is heing
“shuttled” out of the pernimorph in the form of solvated ions, a portion of which are then re-procipitated
putsde the framewark, We note that the precipitate and the endomorph may sot comprise the same
compound.
[0162] II. Description of the General Method and Variants
[0163] The “General Method” is the most basic form of the method. It comprises a method for
synthesizing a perimorphic product wherein substantial portions of the template material and the process
liquid are conserved and may be reused. As such, the General Method may be performed cyclically. All
variants of the method discosed in the present disclosure comprise some variant of the General Method.
[0164] The General Method comprises a series of steps that is herein presented, for ease of description,
in 4 stages (i.e. the Precursor Stage, Template Stage, Replication Stage, and Separation Stage). Each stage
is defined according to one or more steps, as described below:
Precursor Stage: A precursor material is derived from a stock solution via solventless
precipitation. A portion of the process liquid is conserved.
Template Stage: The precursor material formed in the Precursor Stage is treated in one
or more procedures to form a template material.
Replication Stage: An adsorbate material is adsorbed to the templating surface of the
template to form a PC material.
Separation Stage: Endomorphic extraction and perimorphic separation are performed.
Endomorphic extraction produces a stock solution. Perimorphic separation separates the
perimorphic product from conserved process materials.
[0165] In practice, cach step within these stages may itself comprise multiple, subsidiary steps.

Additionally, each of the steps may occur concurrently with steps from another stage, such that in practice
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different stages may overlap in chronology. This can especially be expected in variants employing one-
pot techniques. As a hypothetical example of this, a stock solution might be continuously sprayed
alongside an adsorbate material into a furnace. In this hypothetical furnace, precursor particles might be
precipited from the stock solution, template particles might be formed by heating of the precursor
particles, and perimorphic material might be adsorbed to the template particles continuously and
concurrently. This would correspond to steps assigned herein to the Precursor Stage, Template Stage, and
Replication Stage, respectively.

[0166] Similarly, it is anticipated that in practice, many variants of the General Method may incorporate
the steps described in the 4 Stages in different sequences. Also, in some variants, a step assigned by
definition to one of the four stages herein might instead occur in a different stage. Such variants are
anticipated herein and do not deviate from the inventive method, which is only presented herein as a
discrete sequence of 4 stages for the sake of describing the overall cycle.

[0167] Ancillary processing steps (e.g. rinsing, drying, blending, condensing, spraying, agitating, etc.)
may also be incorporated into the method at each stage. As a hypothetical example of this, a Replication
Stage might involve coating a template material with a perimorphic material via a liquid-phase adsorption
procedure, then filtering, rinsing and drying the resulting PC material. The incorporation of these
processing steps in many variants will be obvious to those skilled in the art and, as such, they are not
enumerated herein.

[0168] The inputs and outputs of the General Method are illustrated in FIG. 10. The General Method
comprises a Template Cycle, by which a template material may be conserved and reused, and a Liquid
Cycle, by which a process liquid may be conserved and reused.

[0169] Variants of the General Method

[0170] The following discussion enumerates a number of ways in which the General Method may be
variously implemented. The omission of variants from this discussion should not be interpreted as
limiting, since an exhaustive list of ways in which the General Method may be implemented is not
practical.

[0171] The General Method is intended to offer a means for cyclical production of perimorphic products
while conserving process materials. In each cycle of the General Method, some portion of the process
materials utilized are conserved and reused. In some variants, substantially all of the process materials
utilized may be conserved and reused. In other variants, a portion of the process materials may be lost.
One hypothetical example of this would be evaporative losses of process liquids from open tanks or wet
filters.

[0172] In some variants of the General Method, process steps may correspond to batch processes. In
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other variants, process steps may correspond to continuous processes.

[0173] In some variants of the General Method, the solventless precipitation may comprise at least one
of the following techniques: heating or cooling the stock solution to change the solubility of a solute in
the stock solution; volatilizing a dissolved gas within the stock solution; depressurizing the stock solution;
atomization of the stock solution; spray-drying the stock solution or spray pyrolysis.

[0174] In some variants of the General Method, a precursor structure may comprise at least one of the
following: an elongated, thin, equiaxed, or hierarchical-equiaxed superstructure; an elongated
superstructure with a length-to-diameter ratio greater than 200:1; an elongated superstructure with a
length-to-diameter ratio between 50:1 and 200:1; a spheroidal or spherical superstructure; a hollow
superstructure; a fragmentary superstructure comprising fragments of some other parent superstructure; a
curved, fragmentary superstructure comprising fragments of a hollow superstructure.

[0175] In some variants of the General Method, a precursor structure may be precipitated around one or
more other sacrificial structures, which may be present as inclusions in the precursor structure after its
precipitation. In some variants, these inclusions in the precursor structure may be subsequently removed,
resulting in voids.

[0176] In some variants of the General Method, a precursor structure may measure less than 1 pm along
its major axis. In some variants, the precursor may measure between 1 pm and 100 um along its major
axis. In some variants, the precursor may measure between 100 pm and 1,000 pm along its major axis.
[0177] In some variants of the General Method, the precursor material may comprise at least one of the
following: a hydrate; a metal bicarbonate or carbonate; a Group I or Group II metal bicarbonate or
carbonate; a mixture of salts. In some variants, the precursor may comprise MgCCxH:{ in the form of
at least one of: hexahydrate, lansfordite, nesquehonite, hydromagnesite, dypingite, magnesite,
nanocrystalline or non-crystalline e (. xH,(.

[0178] In some variants of the General Method, the stock solution may comprise at least one of the
following: metal cations and oxyanions; an aqueous metal bicarbonate solution; a Group I or Group II
metal bicarbonate; an organic salt; Mg(HCO3),. In some variants, the stock solution may comprise at least
one of a dissolved gas, acid, and base. In some variants, the stock solution may be metastable.

[0179] In some variants of the General Method, the process liquid conserved in the Precursor Stage may
comprise a distillate. In some variants, the distillate may be formed by condensing the process liquid
vapor formed during spray-drying or spray-pyrolysis. In some variants, a process liquid conserved in the
Precursor Stage may host solvated ions, the process liquid and ions together comprising a mother liquor.
[0180] In some variants of the General Method, the treatment performed on a precursor material in the

Template Stage may comprise at least one of the following: decomposing the precursor; partially or
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locally decomposing the precursor; decomposing the precursor surface; thermal decomposition; and
oxidizing an organic phase present within a precursor structure. In some variants, the treatment may
comprise flash-drying, spray-drying, spray pyrolysis, vacuum drying, rapid heating, slow heating,
sublimation. In some variants, a vapor released during the treatment may be conserved. In some variants,
the vapor released may comprise at least one of CO; and H»O. In some variants, treatment may comprise
at least one of: coarsening the grain structure of the precursor or a decomposition product of the
precursor; exposing to a reactive vapor; exposing to water vapor; sintering; sintering with the assistance
of dopants.

[0181] In some variants of the General Method, a template material may comprise at least one of the
following: a metal carbonate, a metal oxide, a Group I or II metal oxide, a transition metal, and MgO. In
some variants, a template structure may comprise at least one of the following: macropores, mesopores,
hierarchical porosity, subunits larger than 100 nm, subunits between 20 nm and 100 nm, and subunits
between 1 nm and 20 nm.

[0182] In some variants of the General Method, a template structure may comprise at least one of the
following: an elongated, thin, equiaxed, or hierarchical-equiaxed superstructure; an elongated
superstructure with a length-to-diameter ratio greater than 200:1; an elongated superstructure with a
length-to-diameter ratio between 50:1 and 200: 1; a spheroidal or spherical superstructure; a hollow
superstructure; a fragmentary superstructure comprising fragments of some other parent superstructure;
and a curved, fragmentary superstructure comprising fragments of a hollow superstructure.

[0183] In some variants of the General Method, adsorbing the perimorphic material to the templating
surface may comprise at least one of the following: a coating technique, physical vapor deposition, and
chemical vapor deposition. In some variants, the coating technique may comprise coating a liquid or solid
organic coating onto the templating surface, then forming a derivative carbon coating from the parent
coating. In some variants, deposition may comprise pyrolytic decomposition of a vapor-phase organic
compound at a temperature between 350°C and 950°C. In some variants, a perimorphic carbon may be
annealed after being adsorbed to the templating surface.

[0184] In some variants of the General Method, endomorphic extraction may utilize an extractant
solution comprising a weak acid as an extractant. In some variants, an extractant solution may be formed
by dissolving a process gas in process water. In some variants, the extractant solution may be an aqueous
solution of H,COs formed by dissolving liquid or gaseous CO; in process water. In some variants,
endomorphic extraction may comprise a shuttling technique. In some variants, endomorphic extraction
may be performed under conditions of elevated pressure or temperature.

[0185] In some variants of the General Method, the perimorphic separation may comprise at least one of
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decantation, hydrocyclones, settling, sedimentation, flotation, froth flotation, centrifugal separation,
filtration, and liquid-liquid extraction. In some variants, the perimorphic separation may separate the
perimorphic product from substantially all of the process liquid. In some variants, the perimorphic
product may retain a residual portion of the process liquid. In some variants, the perimorphic product may
be naturally buoyant due to its retention of internal gas. In some variants, the perimorphic product’s
internal gas may be expanded by reducing pressure of the surrounding process liquid, increasing the
buoyancy of the perimorphic product and causing flotation. In some variants, a portion of the perimorphic
product’s internal gas may be exfiltrated by reducing pressure of the surrounding process liquid, followed
by re-pressurizing the surround process liquid, such that hydrostatic pressure causes the process liquid to
infiltrate the perimorphic product.

[0186] In some variants of the General Method, the perimorphic framework may comprise at least one of
a carbonaceous material, a pyrolytic carbon, an anthracitic network of carbon, an sp* network of carbon,
and a helicoidal network of carbon.

[0187] In some variants of the General Method, under 532 nm excitation, the carbonaceous perimorphic
framework may comprise at least one of a Raman spectral Ip/Ig ratio of between 4.0 and 1.5; a Raman
spectral Ip/Ig ratio between 1.5 and 1.0; a Raman spectral Ip/Ig ratio between 1.0 and 0.1; a Raman
spectral It/Ig ratio between 0.0 and 0.1; a Raman spectral I1/Ig ratio between 0.1 and 0.5; a Raman
spectral It/Ig ratio between 0.5 and 1.0; a Raman spectral Ip/Ig ratio between 0 and 0.15; a Raman
spectral Lp/Ig ratio between 0.15 and 0.3; and a Raman spectral Ip/Ig ratio between 0.30 and 2.0.

[0188] In some variants of the General Method, under 532 nm excitation, the carbonaceous perimorphic
framework may comprise at least one of an unfitted Raman spectral D peak positioned between 1345 and
1375 cm™; an unfitted Raman spectral D peak positioned between 1332 and 1345 ¢cm™; an unfitted Raman
spectral D peak positioned between 1300 and 1332 cm™; an unfitted Raman spectral G peak positioned
between 1520 cm™ and 1585 cm™; an unfitted Raman spectral G peak positioned between 1585 em™ and
1600 cm™; and an unfitted Raman spectral G peak positioned between 1600 cm™ and 1615 cm™.

[0189] In some variants of the General Method, the perimorphic product may comprise a perimorphic
framework. In some variants, the perimorphic framework may comprise at least one of a native
morphology, a non-native morphology, internal gas, a hydrophobic surface, a hydrophilic surface,
mesopores, one or more macropores, hierarchical porosity.

[0190] In some variants of the General Method, the perimorphic framework may measure less than 1 um
along its major axis. In some variants, the perimorphic framework may measure between 1 pum and 100
um along its major axis. In some variants, the perimorphic framework may measure between 100 pm and
1,000 um along its major axis. In some variants, the perimorphic framework may comprise an elongated,

thin, equiaxed, or hierarchical-equiaxed superstructure. In some variants, an elongated perimorphic
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framework may comprise a length-to-diameter ratio between 50:1 and 200:1. In some variants, the
perimorphic framework’s equiaxed superstructure may be spheroidal or spherical. In some variants, the
perimorphic framework’s equiaxed superstructure may be hollow. In some variants, the perimorphic
framework may comprise fragments of a hollow shell. In some variants, the perimorphic framework may
comprise a noncellular space.
In some variants of the General method, the perimorphic framework may comprise a BET surface area of
1,500 to 3,000 m*g. In some variants, the perimorphic framework may comprise a BET surface area of
10 to 1,500 m¥g.
[0191] In some variants of the General Method, the perimorphic product may be subjected to further
treatment after perimorphic separation. In some variants, the further treatment after perimorphic
separation may comprise at least one of flash-drying, spray-drying, spray-pyrolysis, decomposition,
chemical reaction, annealing, and chemical functionalization.
[0192] In some variants of the General Method, the Liquid Cycle may also incorporate the recapture and
conservation of process liquid released (possibly in vapor phase) during the Template Stage, although this
is not reflected as an output in FIG. 10. It is not reflected because in most (but not all) of the variants of
the General Method envisioned, the quantity of process liquid conserved during the Template Stage
would be significantly smaller than the quantity of process liquid conserved in the Precursor Stage.
[0193] In some variants of the General Method, a Gas Cycle may be incorporated into the method. The
inputs and outputs of the General Method with a Gas Cycle are illustrated in FIG. 11. In a Gas Cycle, a
process gas is released during the Precursor Stage and/or the Template Stage. This released gas is
conserved. Then, during the Separation Stage, the conserved process gas may be dissolved into conserved
process liquid in order to generate an extractant solution.
[0194] The Preferred Method, described below, comprises variants of the General Method in which a
MgCO3-xH,0 template precursor material is derived from an aqueous Mg(HCO3); stock solution and a
portion of the CO; process gas is conserved via a Gas Cycle. The inputs and outputs of the Preferred
Method are shown in FIG. 12. The Preferred Method comprises:
Precursor Stage: MgC{s:«H{} precursor material is derived from an aqueous
Mg(HCO3), stock solution, wherein the derivation comprises a solventless precipitation
of Mg xH:( and an emission of CO; process gas. A portion of released CO, process
gas is conserved. The Mg (= xH-{ precursor material and process water are separated.
Process water is conserved.
Template Stage: The Mg ({3 xH,{} precursor material formed in the Precursor Stage is
thermally decomposed in one or more procedures to form a porous MgO template

material. Released CO; process gas may be conserved.
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Replication Stage: An organic or carbonaceous perimorphic material is adsorbed to the
templating surface of the porous MgO template to form a PC material.
Separation Stage: Conserved CO; process gas is dissolved into conserved process water
to form an aqueous H>COs; extractant solution. Endomorphic extraction comprises a
reaction between endomorphic MgO and the aqueous H>COs extractant solution,
generating an aqueous Mg(HCO3), stock solution. Perimorphic separation may comprise
techniques that displace process water from the perimorphic product, minimizing residual
process water. Froth flotation, liquid-liquid separation, or other techniques that separate
the carbon perimorphic based on hydrophobicity may be used.
[0195] Certain variants of the Preferred Method may employ pressure modulations in order to form
concentrated stock solutions and improve precipitation processes. Concentrated stock solutions may be
associated with many benefits, including superior precipitation kinetics, reduced process water volumes,
smaller vessels, and improved energy efficiency. Two exemplary ways that this can be done are
illustrated in FIG. 13 and described below.
[0196] In the first frame of FIG. 13A, a shuttling technique has been used to obtain endomorphic
extraction. The shuttling technique results in a mixture comprising aqueous Mg(HCQ:), stock solution,
perimorphic framework(s), and the Mg G- xH.{ precipitate. This precipitate is represented in the first
frame of FIG. 13A as a mixture of nesquehonite rods and acicular nesquehonite agglomerates. Next, the
perimorphic product is separated from the other process liquids and solids. Following this, the
MgCOexHL G precipitate is dissolved by increasing the CO; pressure, which increases the concentration
of dissolved CO», H2CO: and HCOs', forming a concentrated stock solution, as shown in the second
frame of FIG. 13A. Finally, as shown in the third frame, the MgCO3-xH,O precursor may be rapidly
nucleated and precipitated from the concentrated stock solution by reducing the CO, pressure (and
optionally the total pressure).
[0197] Another way that a concentrated stock solution may be obtained is by performing the
endomorphic extraction in a pressurized reactor. A schematic showing this is illustrated in FIG. 13B.
Similar to the procedure illustrated in FIG. 13A, the procedure illustrated in FIG. 13B employs increased
COs pressure to increase the concentration of dissolved COz, H2COs and HCOs". In FIG. 13B, PC
material, CO,, and H>O (possibly an aqueous Mg(HCOs3), mother liquor) are fed into a pressurized
reactor. Endomorphic extraction and the formation of a concentrated stock solution occur within the
pressurized reactor. The mixture of the perimorphic product and concentrated stock solution is discharged
from the pressurized reactor, where perimorphic separation can then occur. Separation may be

beneficially accomplished using a liquid-liquid separation that eliminates rinsing requirements. The
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MgCO3xH,0 precursor may be rapidly nucleated and precipitated from the concentrated stock solution
by reducing the CO; pressure (and optionally the total pressure).

[0198] III. Furnace Schemes, Analytical Techniques and Material Naming

[0199] In the course of describing procedures to generate the exemplary materials described in the
subsequent sections, certain furnace schemes have been detailed. These schemes may be used for the
exemplary Template Stage procedures detailed in Section V and for the exemplary Replication Stage
procedures detailed in Section VI.

[0200] Scheme A: In Scheme A, a Thermcraft tube furnace modified to be a rotary furnace may be
employed with a quartz tube. The furnace has a clam shell design with a cylindrical heating chamber of
160 mm diameter and 610 mm heated length. The furnace has a wattage of 6800 W with a maximum
operating temperature of 1100°C. The quartz tube may be a 60 mm OD quartz tube containing an
expanded middle section of 130 mm OD tube (the “belly”) positioned within the furnace’s heating zone.
The tube may be rotated. Quartz baffles inside the belly may facilitate agitation of the a powder sample
during rotation. The furnace may be kept level (i.e. not tilted). The template powder sample may be
placed inside the belly in the heating zone, with ceramic blocks inserted outside the belly on each side of
the furnace’s heating zone. Glass wool may be used to fix the position of the ceramic blocks.

[0201] For exemplary procedures performed using Scheme A, a material sample may be placed inside
the belly, such that it agitated within the reactor. Loose fitting ceramic blocks located outside the belly
section on each side of the furnace’s heating zone allowing for gas flow and powder containment. Packed
glass wool may be used to affix the position of the ceramic blocks while acting as a gas permeable layer.
The ends of the tube may be fitted with two stainless-steel flanges to allow for gas to flow for the system.
[0202] Scheme B: An MTI rotary tube furnace with a quartz tube may be used. The furnace has a clam
shell design with a cylindrical heated chamber having dimensions of 120 mm diameter and 440 mm
heated length. The furnace has a wattage of 2500 W with a maximum operating temperature of 1150°C.
The quartz tube may be 60 mm in OD. The tube may be substantially level. For exemplary procedures
performed using Scheme B, a material sample may be placed within a ceramic boat. This may then be
placed inside the quartz tube within the heating zone prior to the initialization of heating. Loose fitting
ceramic blocks located outside the furnace’s heating zone allow for gas flow. Packed glass wool may be
used to affix the position of the ceramic blocks while acting as a gas permeable layer. The ends of the
tube may be fitted with two stainless-steel flanges.

[0203] Scheme C: A Lindberg Blue-M tube furnace with a quartz tube may be used. The quartz tube
may be 150 mm in OD. The furnace has a clam shell design with a cylindrical heated chamber having
dimensions of 190 mm diameter and 890 mm heated length. The furnace has a wattage of 11,200 W with

a maximum operating temperature of 1200°C. The tube may be substantially level. For exemplary
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procedures performed using Scheme C, a sample may be placed within a ceramic boat. This may then be
placed inside the quartz tube within the heating zone prior to the initialization of heating. Loose fitting
ceramic blocks located outside the furnace’s heating zone allow for gas flow. The ends of the tube may be
fitted with two aluminum flanges to allow for gas flow through the system.

[0204] Scheme D: A Vulcan 3-550 Muffle furnace may be used. The furnace has a rectangluar heated
chamber having dimensions of 190 mm x 240 mm x 228 mm. The furnace has a wattage of 1440 W with
a maximum operating temperature of 1100°C. For exemplary procedures performed using Scheme D, a
material sample may be placed within a ceramic boat. This may then be placed inside the muffle furnace
prior to the initialization of heating.

[0205] Scheme E: A TA Instruments Q600 TGA/DSC may be used. For exemplary procedures
performed using Scheme E, a 90 pL alumina pan may be used to hold a material sample. Gas flow may
be 100 sccm of a specified gas unless otherwise noted. The heating rate may be mentioned in the
exemplary procedures where Scheme E is used.

[0206] A number of analytical techniques were utilized to characterize the procedures and materials
presented herein. These are detailed below.

[0207] Solution concentrations were measured using electrolytic conductivity (“conductivity”). The
conductivity is a measured response of a solution’s electrical conductance. The electrical response of a
solution may be correlated to the concentration of ions dissolved in the solution, and as ions in solution
are precipitated, the conductivity value decreases. An analog to this measurement is total dissolved solids
(“TDS”) which relates the conductivity measurement to a referenced ion concentration (typically
potassium chloride), dependent on the salt compound dissolved.

[0208] Thermogravimetric analysis (TGA) was used to analyze the thermal stability and composition of
materials. All TGA characterization was performed on a TA Instruments Q600 TGA/DSC. A 90 uL
alumina pan was used to hold the sample during TGA analysis. All analytical TGA procedures were
performed at 20°C per min unless otherwise mentioned. Either air or Ar (Ar) was used as the carrier gas
during analytical TGA procedures unless otherwise mentioned.

[0209] Raman spectroscopy was performed using a ThermoFisher DXR Raman microscope equipped
with a 532 nm excitation laser. For cach sample analyzed, 16 point spectra were generated using
measurements taken over a 4 x 4 point rectangular grid with point-to-point intervals of 5 pm. The 16
point spectra were then averaged to create an average spectrum. The Raman peak intensity ratios and
Raman peak positions reported for each sample all derive from the sample’s average spectrum. No profile
fitting software was utilized, so the reported peak intensity ratios and peak positions relate to the unfitted

peaks pertaining to the overall Raman profile.
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[0210] Gas adsorption measurements were made using a Micromeritics Tristar IT Plus. Nitrogen
adsorption was measured at a temperature of 77 K across a range of pressure (p) values, where 0.005 <

% < 0.30. Increments of pressure ranged from % = 0.009up to % = 0.05. Micromeritics MicroActive

software was used to calculate the BET specific surface area derived from the BET monolayer capacity
assuming the cross-sectional area 6,, (N5, 77 K) = 0.162 nm?. Samples were preconditioned by
degassing with continuously flowing dry nitrogen gas at 100°C prior to analysis.

[0211] The pore size distribution (PSD) and cumulative volume of pores is another technique that may
be performed from gas adsorption data to lend insight into the sintering behavior of particles. The data
was collected by a Micromeritics Tristar II Plus, measuring nitrogen adsorption and desorption at 77 K

between pressures of 0.009 < % < 0.99, with increments ranging from % = 0.009 up to ﬂo = 0.05.
P P P

Samples were preconditioned by degassing with continuously flowing dry nitrogen gas at 100°C prior to
analysis.

[0212] Micromeritics MicroActive software was used to calculate adsorption-desorption PSD and
cumulative volume of pores by applying the Barrett, Joyner and Halenda (BJH) method. This method
provides a comparative assessment of mesopore size distributions for gas adsorption data. For all BIH
data, the Faas correction and Harkins and Jura thickness curve may be applied. The cumulative volume of
pores, Vpore (cm?/g), may be measured for both adsorption and desorption portions of the isotherm.
[0213] There are a number of exemplary materials described in the present disclosure. To aid in
identification and tracking of these exemplary materials, a material naming system has been adopted and
is described below. All names of exemplary materials are bolded; N herein describes an exemplary
material, while N, refers to nitrogen gas.

[0214] Exemplary types of template precursor materials are denoted Sx, where . designates the first one
or two letters of the template precursor material (i.e. N for nesquehonite, L for lansfordite, Li for lithium
carbonate, C for magnesium citrate, A for amorphous/non-crystalline Mg{C G5 xH,(3, H for
hydromagnesite, M for magnesite, E for epsomite, and Ca for calcium carbonate) and where x designates
different types of the precursor compound (e.g. Hi and H; designate two different types of
hydromagnesite precursors).

[0215] Exemplary types of template materials are named in the format Sy Ty. The S name component
designates the precursor type that was utilized to create the template type S<Ty, and the Ty name
component designates a specific treatment that was utilized to create the template type Sy Ty. For example,
N;T; and N;T; indicate two different template types formed from two different treatments on the
precursor type Ni. We note that while the full SyTy name denotes a specific template type, the Ty name

component by itself is only specific with respect to a given Sy precursor type. For example, the treatments
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utilized to make the template types N1T1 and N.T; were different, despite these template types sharing the
same T; name component.

[0216] Exemplary types of PC materials are named in the format S, T,P,, where the STy name
component designates the template type and the P, name component designates a specific type of carbon
perimorph. For example, MsT1P; and MsTP; indicate two different PC materials formed from the same
M;T, template material. The P, name component within the S, TyP, name is unique—i.c. each P, name
component specifies a unique type of perimorph, irrespective of the S<Ty template type utilized to make
the perimorph.

[0217] Exemplary types of perimorphic frameworks (i.c. the porous perimorphic product resulting from
endomorphic extraction) are named in the format P,, where the P, name component is not prefaced with
an S, Ty template type. The P, name component utilized to name a framework type matches the P, name
component of the Sy TyP, PC material type from which the framework type was derived.

[0218] The exemplary types of template precursor materials, template materials, perimorpic composite
materials, and perimorphic materials in this disclosure are enumerated in Table 1. Table 1 is arranged to
show the progression of the materials synthesized, starting from the template precursor material. While
not every exemplary material was tracked through all four stages, it is understood that any of the
exemplary materials might be, if desired. Table 1 also follows the material naming system described
above.

[0219] IV. Precursor Stage — Examples

[0220] This Section details the generation of exemplary template precursor materials at small scales
using exemplary procedures. As such, these procedures comprise partial implementations of the General
Method. It should be therefore understood that these procedures must be coupled with other procedures in
a full implementation of the General Method. Additionally, it should be understood that these procedures
are merely demonstrative of analogous, larger-scale procedures that would be used for industrial-scale
manufacturing.

[0221] Various techniques may be utilized in the precipitation of precursor materials. For example, the
stock solution may be heated to evaporate the process liquid, causing the stock solution to become
supersaturated and to precipitate a precursor material. This may be combined with techniques to control
the shape and size of the precipitated template precursor particles. For example, the stock solution may be
spray-dried to create discrete spheres or hollow spheres. Other techniques may be utilized that will be
obvious to those skilled in the art.

[0222] Example Ni: In an exemplary Precursor Stage procedure, an elongated nesquehonite
(MgCOs3-3H,0) template precursor material may be derived from a stock solution of aqueous
Mg(HCO3),.
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[0223] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated during the Separation
Stage of a full implementation of the General Method. For this example, a representative aqueous
Mg(HCO3); stock solution may be generated using water, CO; gas, and MgO.

[0224] First, a 0.24 mol kg™ Mg mixture comprising deionized water and Akrochem Elastomag 170, a
commercial magnesium oxide (MgO) product, may be made. This mixture may be carbonated in a
circulation tank with a sparge tube bubbling CO, to generate carbonic acid. The CO» bubbling may be
discontinued after the MgO is completely dissolved to form the stock solution. The stock solution may be
approximately 14.5°C.

[0225] Next, air bubbling may be initiated through a sparge tube through the stock solution in the
circulation tank at an approximate flow rate of 12 scfim,ir. This bubbling may cause precipitation of
nesquehonite particles and an associated emission of CO; process gas. Bubbling and circulation may be
continued until the conductivity of the solution stabilizes. At this point, the aqueous mixture of
nesquehonite particles may be filtered, separating the particles from the aqueous Mg(HCOs), filtrate. This
filtrate comprises a mother liquor and substantially all of the process water. In a full implementation of
the General Method, the separated process water may be conserved for reuse, as shown in FIG. 12.
Additionally, in a full implementation of the General Method, the emitted CO process gas may also be
conserved for reuse using conventional techniques.

[0226] Nesquehonite template precursor particles of the type generated by this procedure may be
identified herein as N; and may be seen in the SEM micrograph in FIG. 14. The template precursor may
be confirmed as nesquehonite via the elongated morphology and TGA mass loss of 70.4%, which is in
good agreement with the expected nesquehonite mass loss of 70.9%, as shown in Table 2.

[0227] Aside from the presence of some minor debris, the crystals have smooth, thin surfaces. The
elongated morphology of these crystals may be valuable. In applications requiring interlocking particles,
such as filtration membranes, an elongated morphology may be useful. In applications requiring the
assembly of a percolative network, such as for electron transport, elongated particles may achieve
percolation with fewer particles than more equiaxed particle morphologies. In applications requiring
mechnical reinforcement, elongated particles may provide superior tensile properties.

[0228] Example H;: In another exemplary Precursor Stage procedure, a hierarchical-equiaxed
hydromagnesite (Mgs(CO3)s(OH), 4H,0) template precursor material may be derived from a stock
solution of aqueous Mg(HCO:3),.

[0229] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage

of a full implementation of the General Method. For this example, an aqueous Mg(HCO3); stock solution
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with an approximate molality of 0.14 mol kg Mg (aq) may first be prepared as the representative stock
solution.

[0230] Next, the stock solution may be placed in a 1 L Buchi rotary evaporator vessel, which may then
be rotated at 280 RPM in a 100°C water bath. Crystallization may be allowed to proceed until most of the
Mg ions have been precipitated as hydromagnesite precursor particles. Associated with this precipitation,
CO; process gas may be emitted. In a full implementation of the General Method, the CO; process gas
released during precipitation may be conserved using conventional techniques.

[0231] The resulting hydromagnesite mixture may then be filtered to separate the solids from the
aqueous Mg(HCO3), filtrate. This filtrate comprises a mother liquor and substantially all of the process
water. In a full implementation of the General Method, the separated mother liquor may be conserved for
reuse.

[0232] Hydromagnesite template precursor particles of the type generated by this procedure are
identified herein as Hy and may be seen in the representative SEM micrograph FIG. 15. TGA mass loss
of these particles is 56.6%, which is in good agreement with the expected hydromagnesite mass loss of
56.9% (Table 2). The thin (< 100 nm thick) hydromagnesite plates are arranged in a hierarchical-
equiaxed superstructure. This template precursor morphology is of interest due to the combination of thin
and equiaxed morphological features. In applications requiring high surface area, the hierarchical-
equiaxed morphology may prevent the surfaces of the thin crystals from being occluded, whereas simple
planar particles may tend to stack against one another and occlude one another’s surfaces.

[0233] Example H»: In another exemplary Precursor Stage procedure, an elongated, hierarchical
hydromagnesite (Mgs(CO3)s(OH)2-4H»0) template precursor material may be derived from a stock
solution of aqueous Mg(HCO:3),.

[0234] To demonstrate this derivation at a small scale, nesquehonite may first be precipitated from a
representative aqueous Mg(HCOs), stock solution. This stock solution represents the stock solution that
might be generated during the Separation Stage of a full implementation of the General Method. For this
example, a representative stock solution and an aqueous mixture of precipitated nesquehonite may be
obtained using the procedure described in Example N;. Associated with this nesquehonite precipitation,
CO; process gas may be emitted. In a full implementation of the General Method, the released CO;
process gas may be conserved using conventional techniques.

[0235] Next, the nesquehonite mixture may be heated to 100°C and maintained at that temperature until
recrystallization into hydromagnesite is complete. In this exemplary procedure, the process water may be
completely evaporated, separating it from the solid residue of elongated hydromagnesite particles. In a
full implementation of the General Method, the separated process water may be conserved using

conventional techniques.
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[0236] Hydromagnesite template precursor particles of the type generated by this procedure are
identified herein as H; and may be seen in the representative SEM micrographs FIG. 16. This template
precursor material may combine the aforementioned virtues of elongated and thin morphologies.

[0237] Example Hs: In another exemplary Precursor Stage procedure, a plate-like hydromagnesite
(Mgs(CO3)4(OH):-4H:0) template precursor material may be derived from a stock solution of aqueous
Mg(HCOs3),.

[0238] To demonstrate this derivation at a small scale, a hierarchical hydromagnesite may first be
derived from a representative aqueous Mg(HCOx), stock solution. This stock solution represents the stock
solution that might be generated during the Separation Stage of a full implementation of the General
Method. For this example, a representative stock solution and precipitated hydromagnesite particles may
be obtained using the procedure described in Example H,. Associated with the precipitation, CO; process
gas may be emitted. In a full implementation of the General Method, the released CO; process gas may be
conserved using conventional techniques. Additionally, separated process water may be conserved in a
full implementation of the General Method.

[0239] Next, the hierarchical hydromagnesite particles may be mechanically broken. This might be
accomplished in a number of ways using known milling techniques. For the purpose of demonstration, the
particles may be slurried in process water. The mixture may then be agitated using high-shear techniques
to break the delicate, hierarchical hydromagnesite particles into their constituent, individualized plates.
The plate-like hydromagnesite particles may then be filtered from the process water. In a full
implementation of the General Method, the separated process water may be conserved for reuse.

[0240] Hydromagnesite template precursor particles of the type generated by this procedure are
identified herein as Hs and may be seen in the representative SEM micrograph FIG. 17. TGA mass loss
of these particles is 56.6%, which is in good agreement with the expected hydromagnesite mass loss of
56.9%, as scen in Table 2.

[0241] Example L;: In another exemplary Precursor Stage procedure, an equiaxed lansfordite
(MgCOs3-5H,0) template precursor material may be derived from a stock solution of aqueous
Mg(HCOs3),.

[0242] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous Mg(HCOs),
stock solution with a concentration of approximately 0.25 mol kg™ Mg (aq) may be prepared and chilled
to 2°C.
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[0243] The chilled stock solution may then be subjected to N, bubbling at a flow rate of 4 scfhair. The
resulting precipitation may cause CO, process gas to be emitted. In a full implementation of the General
Method, CO; process gas released during precipitation may be conserved using conventional techniques.
[0244] After 67 minutes, N> bubbling may be discontinued. The crystals formed may be allowed to stir
for an additional 50 minutes after discontinuation of N> bubbling, and the mixture may then be filtered to
separate the solids from the mother liquor. The solids may be rinsed with 5°C deionized water. In a full
implementation of the General Method, the separated mother liquor may be conserved for reuse.

[0245] Lansfordite template precursor particles of the type generated by this procedure are identified
herein as Ly and may be seen in the representative SEM micrograph FIG. 18. The template precursor
particles have the prismatic, equiaxed morphology typical of lansfordite, and the TGA mass loss of these
particles is 76.4%, which is in good agreement with the expected lansfordite mass loss of 76.9%. as seen
in Table 2. The prismatic, equiaxed morphology may be desirable for applications in which perimorphic
products must be integrated with liquids and viscosity effects must be minimized. Additionally, due to
lansfordite’s relatively high state of hydration, more template precursor volume is generated for a given
mass of Mg than is obtainable with less hydrated »Mg{ 3:xH.{3, and more template pore volume may be
obtained upon decomposition of the precursor material. This can be used to create perimorphic
frameworks with more exocellular space.

[0246] Raman spectroscopy may be used to characterize the chemical composition of the template
precursor materials. Applying this Raman spectroscopy method results in a match of peak positions
consistent with lansfordite at 1083 cm™, as seen in Table 2.

[0247] Example L,: In another exemplary Precursor Stage procedure, an equiaxed lansfordite
(MgCOs3-5H,0) template precursor material may derived from a stock solution of aqueous Mg(HCO:3),.
[0248] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative stock solution may be
obtained as follows. First, an aqueous mixture of precipitated nesquehonite may be obtained using the
procedure described in Example N;. The concentration of this mixture may be adjusted to 0.62 mol kg™
Mg. The mixture may then be added to a high-pressure baffled reactor outfitted with a gas inducing
impeller. The system may be stirred at 700 RPM and cooled to 5°C while injecting CO; process gas into
the reactor’s headspace up to a pressure of 850 psi, or until all solids have been dissolved, resulting in the
representative, pressurized stock solution.

[0249] Upon depressurizing the stock solution to atmospheric pressure, the stirring rate may be reduced
to 500 RPM and the solution may be maintained at 12°C while air is flowed through the headspace. The

resulting precipitation of lansfordite particles may cause CO; process gas to be emitted. In a full
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implementation of the General Method, CO; process gas released during precipitation may be conserved
using conventional techniques.

[0250] After 228 minutes, the mixture of lansfordite particles may be discharged from the reactor and
then filtered to separate the lansfordite solids from the mother liquor. In a full implementation of the
General Method, the separated mother liquor may be conserved for reuse. For analytical purposes, the
lansfordite solids may be rinsed with deionized water, re-suspended in ethanol, filtered again, and dried in
a vacuum oven up to 29 inHg at room temperature.

[0251] Lansfordite template precursor particles of the type generated by this procedure are identified
herein as L,. Raman spectral analysis confirms that the product of this reaction matches that of
lansfordite, as seen in Table 2.

[0252] Compared to other equiaxed Mg{U Gy xHx{3-type precursors (e.g. magnesite), lansfordite may be
significantly more industrially scalable and less costly. The prismatic, equiaxed morphology may be
desirable for applications in which perimorphic products must be integrated with liquids and viscosity
effects must be minimized. Additionally, due to lansfordite’s relatively high state of hydration, more
template precursor volume is generated for a given mass of Mg than is obtainable with less hydrated
#Mof'(:xH,(, and more template pore volume may be obtained upon decomposition of the precursor
material. This can be used to create perimorphic frameworks with more exocellular space.

[0253] Example Ls: In another exemplary Precursor Stage procedure, an equiaxed, partially dehydrated
template lansfordite (MgCOs-5H:0) template precursor material may be derived from a stock solution of
aqueous Mg(HCO3),.

[0254] To demonstrate this derivation at small scale, an aqueous lansfordite mixture may first be derived
from a representative aqueous Mg(HCOs); stock solution. This stock solution represents the stock
solution that might be generated during the Separation Stage of a full implementation of the General
Method. For this example, a representative stock solution and aqueous lansfordite mixture may be
obtained using the procedure described in Example L. As described in Example L, the precipitation of
lansfordite particles may cause CO: process gas to be emitted. In a full implementation of the General
Method, CO; process gas released during precipitation may be conserved using conventional techniques.
[0255] The concentration of the lansfordite mixture may be adjusted to a 7 wt% concentration of solids.
The mixture may then be spray-dried, causing a partial dehydration of the lansfordite material. To
demonstrate this at small scale, a Sinoped LPG-5 spray dryer may be used for spray-drying. The
lansfordite particles int he 7 wt% mixture may kept continuously suspended via stirring in a vessel. The
mixture may be pumped from this vessle at a rate ranging between 116 mL/min and 162 mL/min into the
spray dryer’s BETE XAER250 air atomizing nozzle. Compressed air may also be delivered into the
nozzle at a flow rate ranging between 1.2 scfm,ir at 20 psig and 3.6 scfimirat 59 psig. The inlet
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temperature of the spray dryer may be set to 300°C, producing an outlet temperature ranging between
111°C and 123°C.

[0256] The dry, partially dehydrated lansfordite particles may be collected by a cyclonic particle
separator. In a full implementation of the General Method, the process water vapor generated by spray-
drying may be conserved using conventional techniques.

[0257] The partially dehydrated lansfordite template precursor particles of the type generated by this
procedure are identified herein as La. Process liquids and gases may be recovered through typical
industrial methods for reuse in Separation Stage.

[0258] The TGA mass loss of 67.1% for an Lz template precursor material generated according to the
procedure described above confirms that partial dehydration occurred (the theoretical mass loss for
lansfordite is 76.9%, as shown in Table 2). This partial dehydration is due to the elevated temperatures
experienced during the spray drying process.

[0259] Example M;: In another exemplary Precursor Stage procedure, an equiaxed magnesite (MgCOs)
template precursor material may be derived from a stock solution of aqueous Mg(HCO3)a.

[0260] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous Mg(HCO:),
stock solution with a concentration of 0.25 mol kg™ Mg (aq) may be prepared. This stock solution may
then be slurried with additional MgO to provide more Mg ions. In a full implementation of the General
Method, Meg{'{3;-xH,O precipitated from a stock solution might be utilized to provide more Mg ions.
However, for the purpose of this demonstration, the additional MgO may comprise a commercial MgO
product (Elastomag 170) that has been calcined at 1050°C for 1 hour. With this additional loading of Mg
ions, the total Mg present in the stock solution-mixture may be 1.5 mol kg Mg.

[0261] Next, this stock solution-mixture may be placed in a pressure vessel with magnetic stirring, a
high-pressure gas inlet, and a purging needle valve. CO; may be flowed for 2 minutes to purge the vessel
of air, after which it may be fully sealed and pressurized with CO; to 725 psi at 14.4°C. The vessel may
be heated on a heating stir plate. Under magnetic stirring and heating, after 291 minutes, the vessel may
reach 193.7°C and 975 psi. Inside the vessel, magnesite is precipitated During this thermal treatment, and
CO; process gas may be emitted into the vessel’s headspace. The vessel may then be depressurized and
allowed to cool over the course of 30 minutes, releasing steam and CO, continuously. In a full
implementation of the General Method, the CO; process gas released during precipitation and subsequent
depressurization may be conserved using conventional techniques.

[0262] The mixture of magnesite particles may then be discharged from the vessel and then filtered to

separate the magnesite solids from the mother liquor. In a full implementation of the General Method, the
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separated mother liquor may be conserved for reuse in the Separation Stage. The magnesite may be dried
at 100°C.

[0263] The magnesite template precursor material of the type generated by this procedure are identified
herein as M;. The particles display an equiaxed rhombohedral morphology and are shown in the SEM
micrograph in FIG. 19. Thermogravimetric analysis of the sample may demonstrate a magnesite
composition due to the lack of any thermal decomposition prior to the decarboxylation stage occurring of
400°C. The TGA mass loss of these particles is 52.2% which matches the expected magnesite mass loss
of 52.2% as seen in Table 2. Raman spectral analysis also confirms that the particles are magnesite, as
seen in Table 2. This experiment demonstrates production of equiaxed magnesite template precursor
particles utilizing a Mg(HCOs), stock solution enriched with an additional Mg?* and HCOs" ions via MgO
and CO; gas, respectively.

[0264] Example Ma: In another exemplary Precursor Stage procedure, an equiaxed magnesite (MgCOs)
template precursor material may be derived from a stock solution of aqueous Mg(HCO3)s.

[0265] To demonstrate this derivation at small scale, nesquehonite may be generated from a stock
solution of aqueous Mg(HCO:3), using the procedure described in Example Ny. This precipitation may
cause CO; process gas to be emitted. In a full implementation of the General Method, the CO» process gas
released during precipitation may be conserved using conventional techniques. Likewise, the separated
mother liquor may be conserved in a full implementation of the General Method.

[0266] In this exemplary procedure, the nesquehonite may then be combined with water to make a
mixture with a concentration of 1.5 mol kg™ Mg. The mixture may be placed in a pressure vessel with
magnetic stirring, a high-pressure gas inlet, and a purging needle valve. The headspace of the pressure
vessel may contain ambient pressure air, with no additional gas input. The pressure vessel may then be
sealed.

[0267] The mixture may be magnetically stirred in the vessel for 10 minutes. Then, the vessel may be
heated to 175°C over 68 minutes. The reaction temperature may fluctuate During this thermal treatment,
reaching a maximum temperature of 180°C and a maximum pressure of 1190 psi, at which condition any
CO; liberated from nesquehonite in the reaction may be rendered supercritical. The pressure vessel may
be then be allowed to cool for 199 minutes.

[0268] The resulting mixture of magnesite particles may be discharged from the vessel and then filtered
to separate the magnesite solids from the mother liquor. In a full implementation of the General Method,
the separated mother liquor may be conserved for reuse in the Separation Stage. The magnesite may be
dried at 100°C.

[0269] The magnesite template precursor material of the type generated by this procedure are identified

herein as Ms. The particles display an equiaxed rhombohedral morphology and are shown in the SEM
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micrograph in FIG. 20. Raman spectral analysis confirms that the product of this reaction matches that of
magnesite, as shown in Table 2.

[0270] Example A;: In another exemplary Precursor Stage procedure, a hollow non-crystalline
MzCOrH, O template precursor material may be derived from a stock solution of aqueous Mg(HCO:s),.
[0271] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous Mg(HCO3),
stock solution with a concentration of 0.43 mol kg Mg (aq) may be prepared. This may be done by
mixtureing a commercial ¥gC 3 cH, (3 product (“Light Magnesium Carbonate” supplied by Akrochem
Corporation) in water at a solids concentration equivalent to 0.43 mol kg Mg. This mixture may be
carbonated using pressurized CO; gas in a circulated pressure vessel. The system may be pressurized by
injecting CO; gas into the vessel to a total pressure of 555 psi. This may be maintained for 2 hours and 13
minutes at 34°C or until all solids are dissolved. At this point, the vessel may be depressurized and stored
under atmospheric pressure at 4°C.

[0272] The chilled stock solution may then be spray-dried. To demonstrate this, the stock solution may
be pumped at a rate of 35 mL/min through a BETE XAER150 air atomizing nozzle of a Sinoped LPG-5
spray dryer. Compressed air may be delivered into the nozzle at a flow rate of 2.8 scfmg;r at 45 psig. The
inlet temperature of the spray dryer may be set to 165°C, resulting in an outlet temperature of 110°C.
[0273] The particles resulting from spray-drying the stock solution may be collected by a cyclonic
particle separator. In a full implementation of the General Method, both the process water vapor and the
CO: process gas emitted by spray-drying may be conserved using conventional techniques.

[0274] The type of Mg{{t:H;{} template precursor material resulting from this process is identified
herein as A;. SEM image analysis of A particles, as shown in the SEM micrographs in FIG. 21, reveals
that the non-crystalline dMg{"(3: xH,{ particles produced by spray-drying comprise generally hollow,
hierarchical-equiaxed particles with smooth outer surfaces. There are also fragments of shells. The shell
fragments show there are macropores present within the shell.

[0275] Raman spectral analysis showed that the product of this reaction does have a Raman peak that
may be associated with crystalline carbonate, located at 1106 cm™. However, it does not match with any
of the typical Mgi{ {3 xH,O peaks (Table 2). Additionally, TGA analysis of the template precursor fails
to match with the common crystalline forms of Mg+ xH-{ with a mass loss of 66.3%, as seen in Table
2. Therefore, it is deemed non-crystalline.

[0276] Example As: In another exemplary Precursor Stage procedure, a hollow, hierarchical-equiaxed,
non-crystalline MgCO3z-xH,0 template precursor material may be derived from a stock solution of
aqueous Mg(HCO3),.
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[0277] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous Mg(HCO:),
stock solution with a concentration of 1.39 mol kg™! Mg (aq) may be prepared. This may be done by
mixtureing a commercial Mg(OH): product (“Versamag” supplied by Akrochem Corporation) in water at
a solids concentration equivalent to 1.49 mol kg™ Mg. This mixture may be carbonated using pressurized
CO; gas in a circulated pressure vessel. The system may be pressurized by injecting CO» gas into the
vessel to a total pressure between 700-800 psig. This may be maintained for 2 hours at 10°C or until
substantially all (i.e. > 90%) solids are dissolved. At this point, the contents may be depressurized and
stored under atmospheric pressure between 4-10°C.

[0278] The stock solution may then be spray-dried. To demonstrate this, the stock solution may be
pumped at a rate of 2.7 mL/min through a 0.7 mm Buchi B-290 two fluid air atomizing nozzle in a Buchi
B-191 spray drying system. Compressed air may be delivered into the nozzle at a flow rate of 0.6 scfmai
at 88 psig. The inlet temperature of the spray dryer may be set to 130°C, resulting in an outlet temperature
between 85-89°C. The aspirator may be set to 18 scfimur.

[0279] The particles resulting from spray-drying the stock solution may be collected by a cyclonic
particle separator. In a full implementation of the General Method, both the process water vapor and the
CO; process gas emitted by spray-drying may be conserved using conventional techniques.

[0280] The type of MgCOsxH,0 template precursor material resulting from this process is identified
herein as A,. SEM image analysis of A; particles, as shown in the SEM micrographs in FIG. 22A-22B,
reveals that the non-crystalline MgCOs-xH»O particles produced by spray-drying comprise generally
hollow, hierarchical-equiaxed particles with smooth outer surfaces. There are also fragments of shells.
The shell fragments show that, in addition to the central cavity, the shells also have a closed-cell,
macroporous structure. Compared to the shells of the A; particles, the shells of the A, particles are thicker
due to their increased shell porosity. The spheres are also smaller, with 95% or more of the population
possessing a diameter of less than 10 um.

[0281] Raman spectral analysis showed that the MgCO3-xH,O spheres have no distinct Raman peak that
may be associated with crystalline carbonate. Additionally, TGA analysis of the template precursor fails
to match with the common crystalline forms of MgCO3-xH,O with a mass loss of 68.4%, as seen in Table
2. Therefore, it is deemed non-crystalline.

[0282] Example As: In another exemplary Precursor Stage procedure, a hollow, hierarchical-equiaxed,
non-crystalline MgCO3xH,O template precursor material may be derived from a stock solution of

aqueous Mg(HCO3),.
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[0283] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous Mg(HCO:),
stock solution with a concentration of 1.08 mol kg™! Mg (aq) may be prepared. This may be done by
mixtureing a commercial Mg(OH): product (“Versamag” supplied by Akrochem Corporation) in water at
a solids concentration equivalent to 1.12 mol kg™ Mg. This mixture may be carbonated using pressurized
CO; gas in a circulated pressure vessel. The system may be pressurized by injecting CO» gas into the
vessel to a total pressure between 700-800 psig. This may be maintained for 2 hours at 10°C or until
substantially all solids (i.. > 90%) are dissolved. At this point, the contents may be depressurized and
stored under atmospheric pressure between 4-10°C.

[0284] The stock solution may then be spray-dried. To demonstrate this, the stock solution may be
pumped at a rate of 2.7 mL/min through a 0.7 mm Buchi B-290 two fluid air atomizing nozzle in a Buchi
B-191 spray drying system. Compressed air may be delivered into the nozzle at a flow rate of of 0.6
scfin,ir at 88 psig. The inlet temperature of the spray dryer may be set to 90°C, resulting in an outlet
temperature between 56-58°C. The aspirator may be set to 18 scfimair.

[0285] The particles resulting from spray-drying the stock solution may be collected by a cyclonic
particle separator. In a full implementation of the General Method, both the process water vapor and the
CO; process gas emitted by spray-drying may be conserved using conventional techniques.

[0286] The type of MgCOsxH,0 template precursor material resulting from this process is identified
herein as Asz. SEM image analysis of As particles, as shown in the SEM micrographs in FIG. 22C-22D,
reveals that the non-crystalline MgCOs-xH»O particles produced by spray-drying comprise generally
hollow, hierarchical-equiaxed particles with smooth outer surfaces. There are also fragments of shells.
The shell fragments show that, in addition to the central cavity, the shells also have a closed-cell,
macroporous structure. Compared to the shells of the A and A; particles, the Aj are thicker due to their
increased shell porosity. Their average aspect ratio, representing the ratio of the particle radius to the shell
thickness, is also lower. The particle circled with the solid yellow line has an aspect ratio of
approximately 5:1, whereas the particle circled with the dotted yellow line has an aspect ratio of
approximately 2:1.

[0287] The macropores are located throughout the shell, which can be seen in the carbon perimorphic
frameworks grown on them. FIG. 22E is a TEM image of carbon perimorphic frameworks grown on
templates derived from As particles. The mottled appearance of the shell, corresponding to its porosity,
extends throughout the shell. The shell’s macropores are sandwiched between two skins—an outer and an

inner skin, which represent the inner and outer surfaces of the shells. These skins appear darker in TEM.
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The macroporous shell is part of the perimorphic superstructure; the cellular substructure is much finer, as
shown in the inset of FIG. 22E, a TEM micrograph showing the mesoporous cellular substructure.

[0288] Raman spectral analysis showed that the MgCOz-xH,O spheres have no distinct Raman peak that
may be associated with crystalline carbonate. Additionally, TGA analysis of the template precursor fails
to match with the common crystalline forms of MgCO3-xH>O with a mass loss of 72.9%, as seen in Table
2. Therefore, it is deemed non-crystalline.

[0289] Example Ci: In another exemplary Precursor Stage procedure, a hollow, hierarchical-equiaxed
magnesium citrate template precursor material may be derived from a stock solution of aqueous
magnesium citrate.

[0290] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous magnesium
citrate stock solution with a concentration of 0.52 mol kg™ Mg (aq) may be prepared by reacting citric
acid (supplied by Sigma Aldrich) with a 0.52 mol kg aqueous mixture of Mg(OH), (Versamag, supplied
by Akrochem).

[0291] The stock solution may then be spray-dried. To demonstrate this, the stock solution may be
pumped at a rate of 3.75 mL/min through a Buchi B-290 two-fluid nozzle of a Buchi B-191 spray dryer.
Compressed air may be delivered into the nozzle at a flow rate of 0.6 scfm,;r at 88 psig with the aspirator
airflow set to 18 scfimair. The inlet temperature may be set to 220°C, resulting in an outlet temperature of
110°C.

[0292] The particles resulting from spray-drying the stock solution may be collected by a cyclonic
particle separator. In a full implementation of the General Method, the process water vapor emitted by
spray-drying may be conserved using conventional techniques.

[0293] The type of magnesium citrate template precursor material resulting from this process is
identified herein as C;. SEM analysis of C; particles, as shown in the SEM micrographs in FIG. 23,
reveals that the magnesium citrate particles produced by spray-drying comprise generally hollow,
hierarchical-equiaxed particles. A majority comprise a solid shell and a hollow interior, with a crumpled,
spherical superstructure, as seen in FIG. 23. Some particles comprise smooth, un-crumpled spherical
superstructures; these particles may possess thicker, more rigid shells than the crumpled particles. The
spray-dried magnesium citrate precursor particles are rarely fragmented or broken, although pinholes can
be found, as indicated in FIG. 23.

[0294] Raman spectral analysis confirms that the product of this reaction matches that of magnesium

citrate, as shown in Table 2.
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[0295] Example E;: In another exemplary Precursor Stage procedure, an elongated template precursor
material of epsomite (magnesium sulfate heptahydrate, MgSQO,4-7H,0) may be derived from an aqueous
stock solution of magnesium sulfate.

[0296] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous magnesium
sulfate stock solution with a concentration of 4.06 mol kg™ Mg (aq) may be prepared by dissolving
epsomite in water at room temperature. This may be done in a glass beaker magnetically stirred at 700
RPM.

[0297] Once dissolved, 410.86 g of acetone may be added dropwise by a separatory funnel, which may
result in immediate crystal formation in the solution. While this represents an antisolvent precipitation,
which is generally undesirable, solventless precipitation of epsomite could easily be accomplished by
chilling or spray-drying the stock solution. Moreso than demonstrating an engineered precursor
morphology or demonstrating scalable procedure, the purpose of the Example E; procedure was moreso
just to precipitate epsomite, so that the template materials and perimorphic materials derived from an
epsomite precursor compound might be demonstrated and analyzed in subsequent sections of the current
disclosure. In a full implementation of the General Method, the mother liquor separated after a solventless
precipitation may be conserved for reuse in the Separation Stage.

[0298] After 22 minutes, the precipitation of the epsomite may be complete. The resulting mixture may
be collected and filtered. The particles may be dried.

[0299] The type of epsomite template precursor material resulting from this process is identified herein
as E;. The particles may be observed via optical microscope as elongated rods with hexagonal cross
sections, as shown in FIG. 24.

[0300] Raman spectral analysis confirms that the product of this reaction matches that of epsomite, as
seen in Table 2.

[0301] Example Hy: In another exemplary Precursor Stage procedure, a Li-doped hydromagnesite
(Mgs(C0O3)4(0OH), 4H,0) template precursor material may be derived from an aqueous stock solution of
Mg(HCO:s); that also contains a small concentration of aqueous Li2COs.

[0302] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous Mg(HCO:s),
stock solution may be prepared, with the additional step of adding lithium carbonate (Li2COs). This may
be done as follows. First, an MgO powder (Akrochem Elastomag 170 calcined at 1050°C for 1 hour) may

be slurried into water at a solids concentration of 0.23 mol kg Mg (s). This may be done in a glass
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beaker with magnetic stirring. To this mixture, Li2COs (Sigma Aldrich) may be added at a solids
concentration of 2.71-107 mol kg™ Li (s). The mixture may be carbonated with a sparge tube bubbling
CO; gas to generate aqueous H,COsz. The CO; flow may be discontinued after the MgO and Li»CO:s are
completely dissolved. The Mg(HCO3), stock solution may then be filtered to remove any residual
undissolved impurities.

[0303] Next, the stock solution may be heated to 100°C in an uncovered glass beaker with magnetic
stirring. This condition may be maintained for 2 hours, during which hydromagnesite particles may be
precipitated. After 2 hours, the resulting mixture may be filtered, and the solid hydromangesite may be
dried in a forced air circulation at 100°C.

[0304] The type of Li-doped hydromagnesite template precursor material resulting from this process is
identified herein as Hy. The particles are shown in the SEM micrographs of FIG. 25. Their plates are thin
(< 100 nm along their minor axis) and flat, with smooth surfaces.

[0305] Example Hs: In an exemplary Precursor Stage procedure, a Li-doped hydromagnesite
(Mgs(CO3)4(OH), 4H,0) template precursor material may be derived from an aqueous stock solution of
Mg(HCO:s); that also contains a moderate concentration of Li,COs.

[0306] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous Mg(HCO:3),
stock solution may be prepared, with the additional step of adding lithium carbonate (Li,COs). This may
be done as follows.

[0307] First, an MgO powder (Akrochem Elastomag 170 calcined at 1050°C for 1 hour) may be slurried
into water at a solids concentration of 0.23 mol kg™ Mg (s). This may be done in a glass beaker with
magnetic stirring. To this mixture, LiCOs (Sigma Aldrich) may be added at a solids concentration of
2.74-102 mol kg™! Li (s). The mixture may be carbonated with a sparge tube bubbling CO; gas to generate
aqueous H,COs. The CO, flow may be discontinued after the MgO and Li,CO; are completely dissolved.
The Mg(HCO:s); stock solution may then be filtered to remove any residual undissolved impurities.
[0308] Next, the stock solution may be heated to 100°C in an uncovered glass beaker with magnetic
stirring. This condition may be maintained for 1 hour, during which hydromagnesite particles may be
precipitated. After 1 hour, the resulting mixture may be filtered, and the solid hydromangesite may be
dried in a forced air circulation at 100°C.

[0309] The type of Li-doped hydromagnesite template precursor material resulting from this process is
identified herein as Hs. The particles are shown in the SEM micrographs of FIG. 26. Their plates are thin

(< 120 nm along their minor axis) and the surfaces are rougher than the surfaces of the plates shown in
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FIG. 25. This roughness may indicate an increased Li dopant level resulting from the higher
concentration of Li,COs in the aqueous stock solution.

[0310] Example Ms: In another exemplary Precursor Stage procedure, an equiaxed magnesite (MgCOs)
template precursor material may be derived from a stock solution of aqueous Mg(HCO3)s.

[0311] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, the stock solution may be generated in
a high-pressure reactor. First, a commercial hydromagnesite product (Akrochem Light Magnesium
Carbonate) may be slurried in water at a solids concentration of 0.74 mol kg™ Mg (s). This mixture may
be placed in a circulated pressure vessel. The sealed vessel may then be heated to 145°C, at which
temperature ~800 psi of gaseous CO; may be introduced into the system. This reaction may continue to
recirculate at 145°C for a duration of 139 minutes, reaching a maximum pressure of 900 psi. During this
thermal treatment, the hydromagnesite may be dissolved, forming aqueous Mg(HCOs),, and magnesite
may be precipitated from the Mg(HCOs).. At this point, the vessel may be depressurized, releasing CO,
process gas. In a full implementation of the General Method, the CO; process gas released during
precipitation and subsequent depressurization may be conserved using conventional techniques.

[0312] The resulting mixture of magnesite particles may be discharged from the vessel and then filtered
to separate the magnesite solids from the mother liquor. In a full implementation of the General Method,
the separated mother liquor may be conserved for reuse in the Separation Stage. The magnesite may be
dried at 100°C.

[0313] The type of magnesite template precursor material resulting from this process is identified herein
as M. The equiaxed magnesite particles may be seen in the SEM micrograph of FIG. 27A. The
structures are indicative of magnesite based on a TGA mass loss of 51.7% which closely matches the
theoretical expected 52.2% in Table 2.

[0314] Example My: In another exemplary Precursor Stage procedure, an equiaxed magnesite (MgCOs)
template precursor material may be derived from a stock solution of aqueous, Na-rich Mg(HCO3),.
[0315] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, the stock solution may be generated in
a high-pressure reactor. First, a commercial hydromagnesite product (Akrochem Light Magnesium
Carbonate) may be slurried in water at a solids concentration of 0.74 mol kg™! Mg. To this mixture, a
commercial NaHCO; product (Arm & Hammer) may be added at a concentration of 2.17-107 mol kg™!
Na. This mixture may be placed in a circulated pressure vessel. The sealed vessel may then be heated to

145°C upon which ~800 psi of gaseous CO, may be introduced into the system. This reaction may
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continue to recirculate at 145°C for a duration of 135 minutes, reaching a maximum pressure of 840 psi.
During this thermal treatment, the hydromagnesite may be dissolved, forming aqueous Mg(HCO3),, and
magnesite may be precipitated from the aqueous Mg(HCO3),. At this point, the vessel may be
depressurized, releasing CO; process gas. In a full implementation of the General Method, the CO»
process gas released during precipitation and subsequent depressurization may be conserved using
conventional techniques.

[0316] The resulting mixture of magnesite particles may be discharged from the vessel and then filtered
to separate the magnesite solids from the mother liquor. In a full implementation of the General Method,
the separated mother liquor may be conserved for reuse in the Separation Stage. The magnesite may be
dried at 100°C.

[0317] The type of magnesite template precursor material resulting from this process is identified herein
as My. The equiaxed magnesite particles may be seen in the SEM micrograph of FIG. 27B. The structures
are indicative of magnesite based on a TGA mass loss of 51.6% which closely matches the theoretical
expected 52.2% in Table 2.

[0318] Example Ms: In another exemplary Precursor Stage procedure, an equiaxed magnesite (MgCOs)
template precursor material may be derived from a stock solution of aqueous, Na-rich Mg(HCO3),.
[0319] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, the stock solution may be generated in
a high-pressure reactor. First, a commercial hydromagnesite product (Akrochem Light Magnesium
Carbonate) may be slurried in water at a solids concentration of 0.74 mol kg Mg. To this mixture, a
commercial NaHCO; product (Arm & Hammer) may be added at a concentration of 0.19 mol kg™* Na.
This mixture may be placed in a circulated pressure vessel. The sealed vessel may then be heated to
145°C upon which ~800 psi of gaseous CO, may be introduced into the system. This reaction may
continue to recirculate at 145°C for a duration of 137 minutes, reaching a maximum pressure of 850 psi.
During this thermal treatment, the hydromagnesite may be dissolved, forming aqueous Mg(HCO3), and
magnesite may be precipitated from the aqueous Mg(HCO3),. At this point, the vessel may be
depressurized, releasing CO; process gas. In a full implementation of the General Method, the CO»
process gas released during precipitation and subsequent depressurization may be conserved using
conventional techniques.

[0320] The resulting mixture of magnesite particles may be discharged from the vessel and then filtered
to separate the magnesite solids from the mother liquor. In a full implementation of the General Method,
the separated mother liquor may be conserved for reuse in the Separation Stage. The magnesite may be
dried at 100°C.
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[0321] The type of magnesite template precursor material resulting from this process is identified herein
as Ms. The equiaxed magnesite particles may be seen in the SEM micrograph of FIG. 27C. to be
rhombohedral crystals of magnesite. The structures are indicative of magnesite based on a TGA mass loss
of 51.9% which closely matches the theoretical expected 52.2% in Table 2.

[0322] Comparing Ms, My, and Ms, there are no appreciable morphological differences that can be
readily identified based on SEM analysis.

[0323] Example Na: In another exemplary Precursor Stage procedure, an elongated nesquehonite
(MgCOs3-3H,0) template precursor material may be derived from an aqueous stock solution of
Mg(HCOs),.

[0324] To demonstrate this derivation at small scale, lansfordite may first be generated from a stock
solution of aqueous Mg(HCO:), using the procedure described in Example L;. This precipitation may
cause COs process gas to be emitted. In a full implementation of the General Method, the COs process gas
released during precipitation may be conserved using conventional techniques. Likewise, the separated
mother liquor may be conserved in a full implementation of the General Method.

[0325] Next, water may be heated to 35°C in a glass beaker. Once the water has reached temperature, the
lansfordite may be added to produce a mixture with a concentration of 0.74 mol kg™! Mg. The mixture
may be magnetically stirred at 600 RPM and maintained at 35°C for 100 minutes. During this thermal
treatment, the lansfordite may be dissolved and nesquehonite may be precipitated. The mixture may then
be filtered to separate the mother liquor from the lansfordite. In a full implementation of the General
Method, the separated mother liquor may be conserved.

[0326] The type of nesquehonite template precursor material resulting from this process is identified
herein as N». Optical micrographs are shown in FIG. 28. The nesquehonite particles are mostly
individualized, resulting in a fine powder.

[0327] Example Ns: In another exemplary Precursor Stage procedure, an elongated nesquehonite
(MgCOs3-3H:0) template precursor material may be derived from an aqueous stock solution of
Mg(HCOs3),.

[0328] To demonstrate this derivation at small scale, lansfordite may first be generated from a stock
solution of aqueous Mg(HCO:3), using the procedure described in Example L;. This precipitation may
cause CO; process gas to be emitted. In a full implementation of the General Method, the CO; process gas
released during precipitation may be conserved using conventional techniques. Likewise, the separated
mother liquor may be conserved in a full implementation of the General Method.

[0329] Next, a 10.84 mM aqueous solution of SDS (TCI Chemical) may be heated to 35°C in a glass
beaker. Once the water has reached temperature, the lansfordite may be added to produce a mixture with a

concentration of 0.74 mol kg™ Mg. The mixture may be magnetically stirred at 600 RPM and maintained
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at 35°C for 100 minutes. During this thermal treatment, the lansfordite may be dissolved and
nesquehonite may be precipitated. The mixture may then be filtered to separate the mother liquor from the
lansfordite. In a full implementation of the General Method, the separated mother liquor may be
conserved.

[0330] The type of nesquehonite template precursor material resulting from this process is identified
herein as N;. Optical micrographs are shown in FIG. 29. Comparison of the optical micrographs of N,
and N3 in FIG. 30A and FIG. 30B, respectively, reveals that the Ns particles, on average, are longer and
have smaller diameters. This demonstrates that the presence of a surfactant during precipitation may be
used to control the dimensions of template precursor particles.

[0331] Example Li;: In another exemplary Precursor Stage procedure, a hollow, hierarchical-equiaxed
Li,COs template precursor material may be derived from a stock solution of aqueous Li,COs.

[0332] To demonstrate this derivation at a small scale, a representative stock solution may first be
prepared. This stock solution represents the stock solution that might be generated in the Separation Stage
of a full implementation of the General Method. For this example, a representative aqueous Li»COs stock
solution may be prepared as follows. First, a a commercial Li,CO; product (supplied by FMC) may be
slurried in water at a concentration of 0.54 mol kg™ Li. This mixture may be carbonated in an overhead
stirred reactor fitted with a gas dispersing blade and a sparge tube. CO, gas may be flowed into the
mixture through the sparge tube at a rate of 9 sfchyir for 175 minutes or until the solids are completely
dissolved. At this point, the solution may be diluted with water to adjust the concentration to 0.27 mol kg
'1i (aq).

[0333] This representative stock solution may then be spray-dried. To demonstrate this, the stock
solution may be pumped at a rate of 7 mL/min through a Buchi B-290 two-fluid nozzle of a Buchi B-191
spray dryer. Compressed air may be delivered into the nozzle at a flow rate of 0.6 scfim,ir at 88 psig with
the aspirator airflow set to 18 scfimai.. The inlet temperature may be set to 170°C, resulting in an outlet
temperature of 100°C.

[0334] The particles resulting from spray-drying the stock solution may be collected by a cyclonic
particle separator. In a full implementation of the General Method, the CO; process gas and process water
vapor emitted by spray-drying may be conserved using conventional techniques.

[0335] The type of lithium carbonate template precursor material resulting from this process is identified
herein as Liy. The particles are hollow, hierarchical-equiaxed structures, as seen in the SEM micrographs
of FIG. 31. The hollow structures can be identified in varying stages of survival. The shells exhibit
pinholes between the Li>COs subunits, indicated by red arrows in FIG. 31A. In some shells,
fragmentation and bigger holes or breaches can be observed (indicated by blue arrows in FIG. 31A).

Crumpled shells are present in the sample (indicated by yellow arrows in FIG. 31A). In FIG. 31B, the
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particles’ substructure of loosely packed subunits can be discerned. These are mostly between 200 and
700 nm in size, with larger particles apparently comprising larger subunits. Raman peaks around 1091
cmt, 195 cm™ and 158 em™ confirm the structures are Li>COs.

[0336] V. Template Stage — Examples

[0337] This Section details the generation of exemplary template materials at small scales using
exemplary procedures. As such, these procedures comprise partial implementations of the General
Method. It should be therefore understood that these procedures must be coupled with other procedures in
a full implementation of the General Method. Additionally, it should be understood that these procedures
are merely demonstrative of analogous, larger-scale procedures that would be used for industrial-scale
manufacturing.

[0338] A number of exemplary procedures for making template materials are described in this section. In
some exemplary procedures, template precursor materials may be treated to form template materials in a
separate and distinct Template Stage procedure, and the resulting template materials may then be utilized
in a separate and distinct Replication Stage procedure. In other instances, the Template Stage and the
Replication Stage procedures may both be performed in the same reactor. Some of these exemplary
Template Stage procedures utilize template precursor materials previously named and described in
Section V. Additionally, new template precursor materials have been utilized.

[0339] Example N1Ti: In an exemplary Template Stage procedure, a nesquehonite template precursor
material may be thermally treated to form a porous MgO template material.

[0340] To demonstrate this, Ni-type nesquehonite particles may first be generated using the procedure
described in Example Ni. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0341] Next, the template precursor material may be thermally treated. This may be performed in a TGA
instrument under an inert gas flow of Ar as described in Scheme E in Section III. The sample of Ni-type
nesquehonite particles may be heated under Ar gas from room temperature to a final temperature of
1,000°C at a rate of 10°C/min. During this thermal treatment, CO; gas may be released. In a full
implementation of the General Method, the CO; process gas released during the decomposition of the
template precursor material may be conserved using conventional techniques. Upon reaching 1,000°C, the
sample may be cooled back down to room temperature.

[0342] The type of porous MgO template material resulting from this process is identified herein as
NiT,. The template particles retain the precursor particles’ elongated superstructure, as shown in the SEM
micrographs of FIG. 32. The particles range from 20 um to 100+ pum in length. Unbroken rods may
exhibit an average length to diameter ratio of approximately 15:1. The ends of the particles have a

crumbly appearance, due to the porous substructure of nanocrystalline MgO subunits.
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[0343] Example H;T:: In another exemplary Template Stage procedure, a hydromagnesite template
template precursor material may be thermally treated to form a porous MgO template material.

[0344] To demonstrate this, Hi-type hydromagnesite particles may first be generated using the procedure
described in Example Hy. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0345] Next, the template precursor material may be thermally treated. This may be performed in a TGA
instrument under an inert gas flow of Ar as described in Scheme E in Section III. The sample of Hi-type
hydromagnesite particles may be heated under Ar gas from room temperature to a final temperature of
1,000°C at a rate of 10°C/min. During this thermal treatment, CO; gas may be released. In a full
implementation of the General Method, the CO; process gas released during the decomposition of the
template precursor material may be conserved using conventional techniques. Upon reaching 1,000°C, the
sample may be allowed to cool to room temperature.

[0346] The type of porous MgO template material resulting from this process is identified herein as
H;Ti. The template particles retain the precursor particles” hierarchical-equiaxed, rosette superstructure,
as shown in the SEM micrographs of FIG. 33. The individual plates generally range from 1 um to 3 pm
in diameter, with an average size between these values. The particles generally range from 4 um to 10 um
in diameter, with an average size between these values. The average plate thickness is less than 100 nm
and corresponds structurally to a single layer of the laterally networked nanocrystalline subunits. Plates
exhibits high uniformity in thickness. The crumbly appearance at the edges of the plates reflects the
porous substructure of nanocrystalline MgO subunits.

[0347] Example H,T:: In another exemplary Template Stage procedure, a hydromagnesite template
template precursor material may be thermally treated to form a porous MgO template material.

[0348] To demonstrate this, Ha-type hydromagnesite particles may first be generated using the procedure
described in Example Ha. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0349] Next, the template precursor material may be thermally treated. This may be performed according
to Scheme B in a tube furnace as detailed in Section III. The sample of H,-type hydromagnesite particles
may be placed in a ceramic boat and introduced into a tube furnace at room temperature. The furnace may
then be heated under Ar flow of 2000 scem to 1050°C at a heating rate of 20°C/min. During this thermal
treatment, CO, gas may be released. In a full implementation of the General Method, the CO; process gas
released during the decomposition of the template precursor material may be conserved using
conventional techniques. The sample may then be maintained at 1050°C for two hours, after which the

furnace may be allowed to cool to room temperature.
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[0350] The type of porous MgO template material resulting from this process is identified herein as
H>Ti. The template particles retain the precursor particles’ elongated, rosette superstructure, as shown in
the SEM micrographs of FIG. 34. The particles range from 10 um to 100 pum in length, with some having
a length to diameter ratio of over 5:1. The plates range from 0.5 um to 1.5 pum in diameter. Compared to
the Hy T, plates, the H,T; plates have a coarser substructure, comprising more discretized subunits and
larger pores between them. The subunits comprise cuboidal or polyhedral nanocrystals ranging from ~40
nm to ~100 nm in size, with an average size between these values. The coarsening of the substructure
may be attributed to the more intensive thermal treatment used to prepare the H,T; template material.
[0351] Some of the subunits observed in FIG. 34 are conjoined laterally to their adjacent neighbors
without any visible interstitial pores. These junctions may comprise grain boundaries. Other subunits are
more discretized, and while still conjoined to the overall network, they are separated from their neighbors
by pores. Since the plates are generally only one subunit in thickness, the interstitial pores between
subunits penetrate through the thickness of the plate. These penetrating holes are an important and
desirable structural feature in thin template structures because they create more crosslinking in the
perimorphic framework formed via the template.

[0352] During the thermal treatment in Example H, T4, the porous MgO template material derived from
decomposition of the template precursor may undergo grain growth and sintering due to atomic diffusion.
The distance over which diffusion may occur may be a function of the temperature. Hence, modulating
the temperature and duration of the Template Stage treatment may be useful for fine engineering of a
template’s substructure (and accordingly of a perimorphic framework’s substructure).

[0353] During coarsening, the porous substructure of the template materials may also be densified. This
may affect the fractional composition of positive and negative template space. Taken to an extreme,
densification of the porous substructure may continue until the negative space—i.e. the template’s pore
structure—is eliminated. As particles sinter to one another, higher-order porosity may be obtained via the
pores between these formerly discrete particles. This technique has been utilized by workers to create
template structures comprising macroscopic, porous networks of sintered metal oxide particles.
Macroscopic, monolithic template structures like this can be formed in Template Stage and recycled using
the General Method.

[0354] Example H;T,: In another exemplary Template Stage procedure, a hydromagnesite template
template precursor material may be thermally treated to form an MgO template material.

[0355] To demonstrate this, Hy-type hydromagnesite particles may first be generated using the procedure
described in Example Hj. This material represents the template precursor material that might be

generated in the Precursor Stage of a full implementation of the General Method.
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[0356] Next, the template precursor material may be thermally treated. This may be performed in a TGA
according to Scheme E as detailed in Section III. The sample of Hy-type hydromagnesite particles may be
heated under Ar gas from room temperature to a final temperature of 1200°C at a heating rate of
10°C/min, during which CO; gas may be released. In a full implementation of the General Method, the
COs process gas released during the decomposition of the template precursor material may be conserved
using conventional techniques. The sample may be held at 1200°C for 10 minutes, then allowed to cool.
[0357] The type of MgO template material resulting from this process is identified herein as HiT». The
template particles resulting from this procedure are shown in the SEM micrographs of FIG. 35. The
thermal treatment has transformed not only the subunits, but additionally the template superstructure,
which no longer appears hierarchical. The progressive coalescence of the nanoscopic subunits and pores
at the substructural level may therefore ultimately transform a template’s superstructure, and individual
particles may be sintered together to form larger (up to macroscopic) template structures.

[0358] Example N1T,: In another exemplary Template Stage procedure, a nesquehonite template
precursor material may be thermally treated to form an MgO template material.

[0359] To demonstrate this, Ni-type nesquehonite particles may first be generated using the procedure
described in Example N;. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0360] Next, the template precursor material may be thermally treated. This may be performed in a TGA
according to Scheme E under an Ar flow from room temperature to a final temperature of 1200°C at a
heating rate of 10°C/min. During this thermal treatment, CO, gas may be released. In a full
implementation of the General Method, the CO; process gas released during the decomposition of the
template precursor material may be conserved using conventional techniques. The sample may be held at
1200°C for 10 minutes, then allowed to cool.

[0361] The type of MgO template material resulting from this process is identified herein as N1T,. The
template particles have lost the porous substructure evolved during thermal decomposition due to
progressive sintering at high temperature.

[0362] Example N1Ts: In another exemplary Template Stage procedure, a nesquehonite template
precursor material may be thermally treated to form a porous MgO template material.

[0363] To demonstrate this, Ni-type nesquehonite particles may first be generated using the procedure
described in Example N;. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0364] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme B, as detailed in Section III. The sample may be heated from room

temperature to 460°C under Ar gas flow of 1271 sccm. At this point, acetylene (C,H,) gas may be
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introduced into the system to begin depositing carbon the templating surface. During this Replication
Stage procedure, the template, which may not have completed its thermal decomposition, may continue
decomposing in the high temperature environment and CO; gas may be released. In a full implementation
of the General Method, the CO; process gas released during the decomposition of the template precursor
material may be conserved using conventional techniques. This condition may be maintained for 3 hours.
Acetylene flow may be terminated and the furnace may then be allowed to cool to room temperature
under sustained Ar flow.

[0365] The type of porous MgO template material resulting from this process is identified herein as
N;Ts.

[0366] Example M;T;:: In another exemplary Template Stage procedure, a magnesite template precursor
material may be thermally treated to form a porous MgO template material.

[0367] To demonstrate this, Mi-type magnesite particles may first be generated using the procedure
described in Example M;. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0368] Next, the template precursor material may be thermally treated. This may be performed in a TGA
according to Scheme E as detailed in Section III. The sample may be heated from room temperature to
1050°C at a rate of 50°C/min under Ar flow. During this thermal treatment, CO, gas may be released. In a
full implementation of the General Method, the CO; process gas released during the decomposition of the
template precursor material may be conserved using conventional techniques. The sample may be held at
1050°C for 1 minute, then allowed to cool.

[0369] The type of porous MgO template material resulting from this process is identified herein as
M;T;. The template particles retain the precursor particles’ equiaxed superstructure, as shown in the SEM
micrographs of FIG. 36. The template particles range from 5 um to 20 um in diameter. The surfaces
appear substantially smooth and continuous at lower magnifications. At higher magnifications, the
surfaces appear rougher due to the porous substructure. Clear resolution of the precise, nanoscopic
substructure is difficult due to the ~5 nm iridium particles used to coat the surface for imaging, however
the regular, bumpy appearance indicates the underlying MgO subunits.

[0370] Example M; T In another exemplary Template Stage procedure, a magnesite template precursor
material may be thermally treated to form a porous MgO template material.

[0371] To demonstrate this, My-type magnesite particles may first be generated using the procedure
described in Example M;. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0372] Next, the template precursor material may be thermally treated. This may be performed in a tube

furnace according to Scheme B, as detailed in Section III. The sample may be heated from room

57



WO 2022/060588 PCT/US2021/049195

temperature to a final temperature of 1050°C at a heating rate of 20°C/min and under an Ar flow of 2360
sccm. During this thermal treatment, CO, gas may be released. In a full implementation of the General
Method, the CO; process gas released during the decomposition of the template precursor material may
be conserved using conventional techniques. The sample may then be held at 1050°C for 4 hours, then
allowed to cool.

[0373] The type of MgO template material resulting from this process is identified herein as M;T,. The
template particles retain the precursor particles’ equiaxed superstructure, as shown in the SEM
micrographs of FIG. 37. The template particles range from 5 um to 20 um in diameter. The surfaces
appear substantially smooth and continuous at low magnification. At higher magnifications, the surface
appears rougher due to the porous substructure. Clear resolution of the precise, nanoscopic substructure is
difficult due to the ~5 nm iridium particles used to coat the surface required for imaging, however the
regular, bumpy appearance indicates the underlying MgO subunits.

[0374] Example M;Ts: In another exemplary Template Stage procedure, a magnesite template precursor
material may be thermally treated to form a porous MgO template material.

[0375] To demonstrate this, Mj-type magnesite particles may first be generated using the procedure
described in Example M;. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0376] Next, the template precursor material may be thermally treated. This may be performed in a TGA
according to Scheme E, as detailed in Section III. The sample may be heated from room temperature to a
final temperature of 1200°C at a rate of 50°C/min under flowing Ar. During this thermal treatment, CO,
gas may be released. In a full implementation of the General Method, the CO; process gas released during
the decomposition of the template precursor material may be conserved using conventional techniques.
The sample may then be held at 1200°C for 1 minute, then allowed to cool.

[0377] The type of MgO template material resulting from this process is identified herein as M;Ts. The
template particles retain the precursor particles’ equiaxed superstructure, as shown in the SEM
micrographs of FIG. 38. The template particles in the template sample range from 5 pm to 20 pm in
diameter. The surfaces appear substantially smooth and continuous at low magnification. At higher
magnification, the surface appears rougher due to the porous substructure. Clear resolution of the precise,
nanoscopic substructure is difficult due to the ~5 nm iridium particles used to coat the surface; however
its regular, bumpy appearance indicates the underlying MgO subunits. Although the substructure cannot
easily be distinguished from a comparable sample treated at only 1050°C (described in Example M;T;
and shown in FIG. 37), it appears that the subunits may be starting to coalesce via sintering.

[0378] Example M;T4: In another exemplary Template Stage procedure, a magnesite template precursor

material may be thermally treated to form a porous MgO template material.
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[0379] To demonstrate this, Mj-type magnesite particles may first be generated using the procedure
described in Example M;. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0380] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme B, as detailed in Section III. The sample may be heated from room
temperature to a final temperature of 1200°C at a heating rate of 20°C/min under an Ar flow of 2000
sccm . During this thermal treatment, CO, gas may be released. In a full implementation of the General
Method, the CO; process gas released during the decomposition of the template precursor material may
be conserved using conventional techniques. The sample may then be held at 1200°C for 4 hours, then
allowed to cool.

[0381] The type of MgO template material resulting from this process is identified herein as M Ty. The
template particles retain the precursor particles’ equiaxed superstructure, as shown in the SEM
micrographs of FIG. 39. The template particles range from 5 um to 20 pm in diameter. Compared to a
comparable sample treated at 1050°C (as described in Example M;T; and shown in FIG. 37) orto a
comparable sample treated at 1200°C for only 1 minute (as described in Example M;T; and shown in
FIG. 38), the sample’s particles appear to have rougher surfaces at low magnification. At higher
magnification, the grains can be seen to have grown substantially during the 1200°C isotherm. The pores
evolved during thermal decomposition also appear to have been eliminated, similar to other exemplary
template samples treated at 1200°C for extended periods (e.g. HiT2and N1 T2).

[0382] Example E;T;: In another exemplary Template Stage procedure, an epsomite template precursor
material may be thermally treated to form a dehydrated, basic MgSO4 template material.

[0383] To demonstrate this, epsomite particles may first be generated. The epsomite particles used in this
exemplary procedure are generated as described in Example E;. This material represents the template
precursor material that might be generated in the Precursor Stage of a full implementation of the General
Method.

[0384] Next, the template precursor material may be thermally treated. This may be performed in a
forced air circulation oven. The sample may be heated from room temperature to a final temperature of
215°C. During this thermal treatment, the hydrous epsomite particles may be dehydrated. The sample
may be held at 215°C for 2 hours, then allowed to cool.

[0385] The resulting porous, dehydrated MgSO4 sample is shown in FIG. 40A, which is an optical
micrograph. The smooth facets observable in E; crystals (cf. FIG. 24) have been replaced by rougher
surfaces in FIG. 40A due to the evacuation of crystalline H>O.

[0386] If the dehydrated MgSO4 material is used in a high-temperature Replication Stage procedure, the
MgSO, may initially experience further thermal effects and sintering, and this may be considered as a part
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of the thermal treatment used to generate the template material. Such a procedure may be performed
according to Scheme B in a tube furnace, as detailed in Section III. This portion of the thermal treatment
may comprise heating a sample of the dehydrated MgSO4 material from room temperature to 580°C
under Ar gas flowing at 1102 sccm. During this thermal treatment, the MgSO4; may continue coarsening,
and a portion may decompose to MgO.

[0387] The type of MgSO, template material resulting from this process is identified herein as E;T;.
Next, propylene (CsHs) gas may be introduced into the furnace, commencing surface replication. To the
extent that the MgSO4 template material is still coarsening, the Template Stage and Replication Stage
may overlap. At some point, the pyrolytic formation of the carbon perimorphic material over the E1Tq
template material may stabilize the latter, preventing further coarsening and representing the true
completion of the Template Stage. CVD may be continued for 2 hours, then the furnace may then be
allowed to cool under sustained Ar flow.

[0388] After the furnace has cooled to room temperature, the PC material (E1T1P1s) is collected. This PC
material is shown in the SEM micrograph of FIG. 40B. From it, we can discern that the E1T1-type
template particles retained the epsomite precursor particles” superstructure, although cracking can be
observed. FIG. 40C and FIG. 40D are SEM micrographs of the Pis-type carbon perimorphic frameworks
formed on the E; T;-type template particles. In FIG. 40D the cellular substructure is indicative of the
template’s porous substructure.

[0389] Example HyT:: In another exemplary Template Stage procedure, a Li-doped hydromagnesite
precursor material may be thermally treated to form a porous MgO template material.

[0390] To demonstrate this, Hs-type hydromagnesite particles may first be generated using the procedure
described in Example Hy. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0391] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme B under an Ar flow of 2000 sccm, as detailed in Section III. The sample
may be heated from room temperature to a temperature of 1050°C at a heating rate of 20°C/min. During
this thermal treatment, CO, gas may be released. In a full implementation of the General Method, the CO»
process gas released during the decomposition of the template precursor material may be conserved using
conventional techniques. The sample may be held at 1050°C for 20 minutes, after which the furnace may
be allowed to cool.

[0392] The type of porous MgO template material resulting from this process is identified herein as
H,4T;. The template particles retain the precursor particles’ plate-like superstructure, as shown in the SEM
micrograph of FIG. 41B. The individual plates range from approximately submicron to several microns

in diameter, with an average size of around 1 um. The average plate thickness ranges from approximately
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80 nm to 100 nm and corresponds structurally to a single layer of laterally networked subunits that
average between 80 nm and 100 nm in diameter. The plates exhibit high uniformity in thickness from
particle to particle. The subunits are discretized with numerous pores separating the individual
nanocrystals.

[0393] At 80 nm to 100 nm in diameter, the subunits of the template particles in Hy4T are considerably
larger than the 50 nm to 60 nm subunits shown in the SEM micrograph of FIG. 41A. These were derived
from undoped hydromagnesite particles subjected to the same Template Stage procedure. As an
approximation, a 90 nm subunit is 1.5x larger diametrically and over 3x larger volumetrically than a 60
nm subunit.

[0394] Example HsT:: In another exemplary Template Stage procedure, a Li-doped hydromagnesite
precursor material may be thermally treated to form a porous MgO template material.

[0395] To demonstrate this, Hs-type hydromagnesite particles may first be generated using the procedure
described in Example Hs. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0396] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme B under an Ar flow of 2000 sccm, as detailed in Section III. The sample
may be heated from room temperature to a temperature of 1050°C at a heating rate of 20°C/min. During
this thermal treatment, CO; gas may be released. In a full implementation of the General Method, the CO»
process gas released during the decomposition of the template precursor material may be conserved using
conventional techniques. The sample may be held at 1050°C for 20 minutes, after which the furnace may
be allowed to cool.

[0397] The type of porous MgO template material resulting from this process is identified herein as
HsT;. The template particles retain the precursor particles’ plate-like superstructure, but with much larger
interstitial gaps between the subunits, as shown in the SEM micrograph of FIG. 41C. The plate particles
range from 2 um to 8 um laterally and from 100 nm to 300 nm in thickness. Like other Li-doped and pure
hydromagnesite-derived MgO templates, the plates are generally a single subunit in thickness.

[0398] Compared to HsTi-type template particles (cf. FIG. 41B) created via the same thermal treatment,
HsT;i-type template particles exhibit much larger subunits, which range between 150 nm and 500 nm in
lateral diameter. The subunits may be 1 to 2 OOM larger volumetrically than the subunits of an undoped,
ex-hydromagnesite MgO template (cf. FIG. 41A). Additionally, the subunits are not as cuboidal as the
undoped subunits and show increased elongation along the plane of the plate. This shows that increasing
the dopant concentration may increase coarsening effects during thermal treatments and also change the
geometry of the subunits. Given these results, doping with a variety of heteroatoms may be expected to be

useful for template engineering.

61



WO 2022/060588 PCT/US2021/049195

[0399] Example HsT:: In another exemplary Template Stage procedure, a hydromagnesite template
template precursor material may be thermally treated to form a porous MgO template material.

[0400] To demonstrate this, a commercial hydromagnesite product (“Light Magnesium Carbonate”
supplied by Akrochem Corporation) comprised predominately of plate-like particles may be employed.
This commercial product was selected as it may provide similar chemical and morphological properties to
that of a hydromagnesite template precursor; for this reason, this precursor material is described herein as
Hs. It represents the template precursor material that might be generated in the Precursor Stage of a full
implementation of the General Method.

[0401] Next, the template precursor material may be thermally treated. This may be performed in a
muffle furnace according to Scheme D, as detailed in Section III. The sample may be placed in a ceramic
boat within the muffle furnace. The sample may be heated from room temperature to 750°C at a heating
rate of 5°C/min. During this thermal treatment, CO; gas may be released. In a full implementation of the
General Method, the CO; process gas released during the decomposition of the template precursor
material may be conserved using conventional techniques. The sample may then be held at 750°C for 1
hour, then allowed to cool to room temperature.

[0402] The type of porous MgO template material resulting from this process is identified herein as
HsT:. The template particles retain the precursor particles’ plate-like superstructure, as shown in the SEM
micrographs of FIG. 42. The individual plates range from approximately 0.5 um to 2 pm along their
major and intermediate axes, with an average diameter between these values. The average plate thickness
is less than 100 nm and corresponds structurally to a single layer of laterally networked subunits. Plates
exhibits high uniformity in thickness across particles.

[0403] Examples M;3T1, M4Ti, MsT: In another set of exemplary Template Stage procedures,
magnesite template precursor materials may be thermally treated to form porous MgO template materials.
[0404] To demonstrate this, Ms-type magnesite particles may first be generated using the procedure
described in Example M3, My, and Ms. This material represents the template precursor material that
might be generated in the Precursor Stage of a full implementation of the General Method.

[0405] Next, the template precursor material may be thermally treated. This may be performed in a
muffle furnace according to Scheme D, as detailed in Section III. The sample (Ms, My or Ms) may be
placed in a ceramic boat within the muffle furnace. The sample may be heated from room temperature to
580°C at a heating rate of 5°C/min. The sample may then be maintained at to 580°C for 1 hour. During
this thermal treatment, CO, gas may be released. In a full implementation of the General Method, the CO,
process gas released during the decomposition of the template precursor material may be conserved using

conventional techniques. Next, the sample may be heated from 580°C to 1050°C at a heating rate of
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5°C/min, with the sample maintained at this temperature for 3 hours. Then, it may be allowed to cool to
room temperature.

[0406] The types of porous MgO template material resulting from this process are identified herein as
M;Ty, MyT,, and MsT; (corresponding to variants based on M3, My, and Ms template precursor
materials). The MsTi, M4Ti, and MsT; template materials may be compared to demonstrate the use of
dopants to increase coarsening effects during a thermal treatment. It is instructive to look at carbon
perimorphic frameworks formed on these templates, since the frameworks in their native morphology are
replicas of the templating surfaces (and negative replicas of the templating bulk). Additionally, carbon
frameworks are also partially electron-transparent, allowing visualization of the templates” internal
substructure.

[0407] The PC materials made using the M3Ty, MyTy, and MsT; template materials are identified herein
as M;T P2, MyT P19 and MsT1P2, respectively (these exemplary Replication Stage procedures are
described in Section VI). The endomorphic MgO in these PC materials may then be extracted with an
aqueous H,COs extractant solution, leaving behind the carbon perimorphic products P1, P19 and Pa.
These perimorphic materials may be examined in order to determine the templates’ substructure.

[0408] The P4, P1o and P2 perimorphic materials are shown in the SEM micrographs of FIG. 43A, FIG.
43B, and FIG. 43C, respectively. The cellular subunits of the carbon perimorphic frameworks (P2o) that
were made on the most heavily Na-doped template material (MsT;) may be 1to 2 OOM larger
volumetrically than the cellular subunits of the frameworks (P1) that were made on the undoped template
material (M3T). As a result, the frameworks made on the doped template materials are dramatically less
compact than the frameworks made on the undoped template.

[0409] The PC materials (MsT1P2) made from MsT, are shown in FIG. 44. The particles retain the
precursor particles’ equiaxed superstructure, with particles generally measuring approximately 1 pm to 5
um. The substructure of the particles are very coarse, comprising subunits ranging from 100 nm to 400
nm.

[0410] Table 3 summarizes the N, gas adsorption analysis of the template materials M3T;, M4T; and
M;sT;. After the 1050°C thermal treatments applied to M3 Ty, MyT; and MsTy, the Na-doped template
materials” BET surface area is reduced by 31% (M4T1) and 57% (MsT;) compared to the undoped
template material (M3T1). Also, the Na-doped samples have 13% (MyT1) and 30% (MsT;) lower porosity
than the undoped template material (M3T,) after the 1050°C thermal treatment. As the level of dopant in
the template material increases, coarsening and densification increase.

[0411] Similar to the observations made for Li-doped magnesite template precursors, this shows that Na-
doping may aid in coarsening the template and reducing the compactness of the perimorphic frameworks.

Other dopants may have similar effects.
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[0412] Examples M;T2, M4T>, and MsT5: In another set of exemplary Template Stage procedures,
magnesite template precursor materials may be thermally treated to form porous MgO template materials.
[0413] To demonstrate this, Ms-type, M4-type, and Ms-type magnesite particles may first be generated
using the procedure described in Examples M3, My, and Ms. This material represents the template
precursor material that might be generated in the Precursor Stage of a full implementation of the General
Method.

[0414] Next, the template precursor material may be thermally treated. This may be performed in a
muffle furnace according to Scheme D, as detailed in Section III. The sample (M3, My or Ms) may be
placed in a ceramic boat within the muffle furnace. The sample may be heated from room temperature to
580°C at a heating rate of 5°C/min. The sample may then be maintained at to 580°C for 1 hour. During
this thermal treatment, CO, gas may be released. In a full implementation of the General Method, the CO»
process gas released during the decomposition of the template precursor material may be conserved using
conventional techniques. Next, the sample may be heated from 580°C to 900°C at a heating rate of
5°C/min, with the sample maintained at this temperature for 1 hour. Then, it may be allowed to cool to
room temperature.

[0415] The types of porous MgO template material resulting from this process are identified herein as
M;T,, MyT», and MsT; (corresponding to variants based on M3, My, and Ms template precursor
materials).

[0416] Table 3 summarizes the N, gas adsorption analysis of the template materials M3T2, M4T, and
MsT,. After the 900°C thermal treatment, the Na-doped template materials’ surface area is reduced by 8%
(M4T3>) and 78% (MsT,) compared to the undoped template material (M3Ty). Their reduced surface arca
is consistent with the relatively coarser substructures of the Na-doped template materials vs. the undoped
template materials.

[0417] Results for BJH are limited to a pore size range of 1.70 nm and 300 nm for this N, gas adsorption
method. Using the calculated BJH cumulative pore volume it may be possible to determine the porosity of
the template particles. The porosity may be defined as the ratio of specific pore volume to the specific
template volume and can be thought of as the percentage of total space occupied by pores with respect to
the total particle. The BJH desorption cumulative pore volume (Vpgrg) may be used as a measure of the
specific pore volume of the template particles. The specific MgO volume (Vygo) may be the specific
volume of the MgO component of the porous MgO template—i.e. the reciprocal of the theoretical density
of MgO. The specific template volume (Vpgy) may be the sum of specific pore volume and specific MgO
volume. Using the formula shown below, the porosity of the template particles may be determined:

Vpore VpoRE

Porosity (%) = =
ty (%) Vrem  (Veore + Vmgo)
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Template Space (%) = 1 — Porosity (%)
[0418] After the 900°C thermal treatment, the doped samples have 1.5% (M4T>) and 58% (MsT>) lower
porosity than the undoped template material (M;sT,). This demonstrates, as in previous exemplary
procedures, that the level of dopant in the template material can be used to influence coarsening and
densification effects. Taken in tandem with the results of Li-doping that have been described, this
demonstrates the ability to tune a perimorphic framework’s compactness, the size and morphology of its
cellular subunits, and its ratio of endocellular vs. exocellular space.
[0419] Example M;Ts: In another exemplary Template Stage procedure, magnesite template precursor
materials may be thermally treated to form porous MgO template materials.
[0420] To demonstrate this, Ms-type magnesite particles may first be generated using the procedure
described in Example Ms. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.
[0421] Next, the template precursor material may be thermally treated. This may be performed in a
muffle furnace according to Scheme D, as detailed in Section III. The template precursor sample may be
placed in a ceramic boat within the muffle furnace. The sample may be heated from room temperature to
580°C at a heating rate of 5°C/min. The sample may then be maintained at to 580°C for 13.5 hr. During
this thermal treatment, CO; gas may be released. In a full implementation of the General Method, the CO»
process gas released during the decomposition of the template precursor material may be conserved using
conventional techniques. Next, the sample may be heated from 580°C to 1050°C at a heating rate of
5°C/min, with the sample maintained at this temperature for 1 hr. Then, it may be allowed to cool to room
temperature.
[0422] The type of porous MgO template material resulting from this process are identified herein as
M;Ts.
[0423] Example N>Ti: In another exemplary Template Stage procedure, a nesquehonite template
precursor material may be thermally treated to form a porous MgO template material.
[0424] To demonstrate this, N>-type nesquehonite particles may first be generated using the procedure
described in Example N». This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.
[0425] Next, the template precursor material may be thermally treated using steam as a coarsening aid.
This may be performed in a rotary tube furnace according to Scheme A, as detailed in Section III. The
quartz tube may be rotated at 1 rpm. Under dry Ar flow, an N, sample may be heated from room
temperature to 450°C at a heating rate of 5°C/min in the furnace. Once the furnace reaches 450°C, Ar
flow through a bubbler may be started at a flow rate of 2360 sccm. The chamber of the bubbler may be

maintained at slight positive pressure of 0.23 psig and an external temperature of 100°C may be
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maintained to saturate the bubbler headspace with water vapor. The furnace may be maintained at 450°C
for 1 hour, after which it may then be heated at a heating rate of 5°C/min to 500°C. After 1 hour at 500°C,
the furnace may be heated at a heating rate of 5°C/min to the final temperature of 1000°C and held at
1000°C for 1 hour. During this thermal treatment, CO, gas may be released. In a full implementation of
the General Method, the CO; process gas released during the decomposition of the template precursor
material may be conserved using conventional techniques. At this point, dry Ar flow may be resumed and
the sample may be cooled to room temperature under flowing, dry Ar.

[0426] The type of porous MgO template material resulting from this process is identified herein as
N,T;. The template particles retain the precursor particles” elongated superstructure. This can be observed
in SEM micrographs of an exemplary PC material (N,T1P21) made via surface replication on the N>T;
template particles. The N> T1P» PC material, comprising a thin, electron-transparent carbon perimorphic
phase and an N>T; endomorphic phase, is shown in the SEM micrographs of FIG. 45. Provided the
carbon perimorphic walls are sufficiently thin, imaging the PC material is a good way to understand the
template substructure and superstructure, since the PC material comprises the endomorphic template
particles coated with a conformal, conductive layer.

[0427] In FIG. 45, it is evident that the N, T, template materials are coarser than a the N1 Ty template
materials (cf. FIG. 32). The subunits range in size from 50 and 400 nm. This demonstrates the use of
water vapor during a heat treatment to increase coarsening during the Template Stage. Of particular note,
the template’s porosity appears to be substantially decreased, and the small slit-like morphology of the
pores between the subunits is notable.

[0428] Example N> T,: In another exemplary Template Stage procedure, a nesquehonite template
precursor material may be thermally treated to form a porous MgO template material.

[0429] To demonstrate this, N>-type nesquehonite particles may first be generated using the procedure
described in Example N». This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0430] Next, the template precursor material may be thermally treated. This may be performed in a
rotary tube furnace according to Scheme A, as detailed in Section III. The quartz tube may be rotated at 1
rpm. Under dry Ar flow, an N»-type sample may be heated from room temperature to 450°C at a heating
rate of 5°C/min in the furnace. Once the furnace reaches 450°C, dry Ar flow through a bubbler may be
started at a flow rate of 2360 sccm. The furnace may be maintained at 450°C for 1 hour, after which it
may then be heated at a heating rate of 5°C/min to 500°C. After 1 hour at 500°C, the furnace may be
heated at a heating rate of 5°C/min to the final temperature of 1000°C and held at 1000°C for 1 hour.
During this thermal treatment, CO, gas may be released. In a full implementation of the General Method,

the CO; process gas released during the decomposition of the template precursor material may be

66



WO 2022/060588 PCT/US2021/049195

conserved using conventional techniques. At this point, dry Ar flow may be resumed and the sample may
be cooled to room temperature under flowing, dry Ar.

[0431] The type of porous MgO template material resulting from this process is identified herein as
N,T». N, gas adsorption may be performed on these templates, applying methods described previously.
As seen in Table 4, compared to the N,T» template material generated via a dry treatment of Na-type
precursor material at 1000°C, the N»T; template material generated via a steam-assisted treatment of N-
type precursor material at 1000°C resulted in a 59% reduction in surface area. This shows that coarsening
may be increased by utilizing water vapor.

[0432] Examples N,T3, N2T4, N2Ts, and N> Ts: In another set of exemplary Template Stage procedures,
nesquehonite template precursor materials may be thermally treated to form porous MgO template
materials.

[0433] To demonstrate this, N»-type nesquehonite particles may first be generated using the procedure
described in Example N». This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0434] Next, the template precursor material may be thermally treated in several ways summarized in
Table 5. Each of these thermal treatments may be performed in a tube furnace according to Scheme B, as
detailed in Section III. Briefly, all procedures involve initiating a desired flow of carrier gas and treating
the template precursor samples under a desired thermal conditions. Each thermal treatment may involve
either a single isothermal segment or multiple isothermal segments. During this thermal treatment, CO,
gas may be released. In a full implementation of the General Method, the CO; process gas released during
the decomposition of the template precursor material may be conserved using conventional techniques.
The template precursor material, carrier gas, furnace scheme, heating rate, temperature setting, and
isotherm duration of each segment are specified in Table 5. After all of the segments pertaining to a
thermal treatment have elapsed, the furnace may be allowed to cool to room temperature under sustained
flow of the carrier gas.

[0435] The type of porous MgO template materials resulting from the processes are identified herein as
N,Ts, N2T4, N>Ts, and N2Ts. These variants were performed to test how thermal treatment parameters
affect the resulting template morphology.

[0436] During thermal treatment of hydrated »gC{h:xH-{ template precursor materials, H,O and CO,
are the two primary gases released. The thermogravimetric mass loss profiles for Na-type template
precursor material in Ar is shown in FIG. 46A. This chart shows the derivative of mass loss (%/°C) for an
N,-type template precursor material at heating rates of 5°C/min and 20°C/min. Dehydration may be
substantially complete by 300-350°C. Decarboyxlation may be substantially complete by 500-550°C,
producing MgO. With the faster 20°C/min heating rate, the mass loss profile is shifted to higher
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temperatures. FIG. 46B shows the thermogravimetric mass loss profiles for Nx-type template precursor
material in CO,. Compared to the mass loss in Ar, the mass loss COs is delayed until higher temperatures
and occurs more suddenly, as shown by the height of the derivative curve.

[0437] The N,Ts-type template material is shown in the SEM micrographs of FIG. 47. This template
material, generated under Ar flow at a heating rate of 5°C/min from room temperature to 640°C, retains
the elongated superstructure of the Na-type precursor particles. The porous substructure comprises
uniform, repeating subunits, and no macropores are apparent.

[0438] The N,T4-type template material is shown in the SEM micrographs of FIG. 48. This template
material, generated under Ar flow at a heating rate of 20°C/min from room temperature to 640°C, retains
the elongated superstructure of the Na-type precursor particles. The porous substructure comprises
macropores in addition to the mesopores between the subunits. These macropores are internal and only
visible as bulbous protrusions except at places where the template particles are broken, which allows the
interior to be seen. These protrusions result in an undulating surface, as marked with red arrows in FIG.
48. These cavities are formed via expansion of volatilized CO; gas produced during thermal
decomposition. This gas acts as a blowant, creating macropores and plastically deforming the surrounding
phase of non-crystalline ¥g{Oz2x 0.

[0439] The N,Ts-type template material is shown in the SEM micrographs of FIG. 49. This template
material, generated under Ar flow at a heating rate of 20°C/min from room temperature to 350°C,
followed by a heating rate of 5°C/min from 350°C to 640°C, does not form internal macropores and the
associated bulbous protrusions. Instead, the prismatic superstructure of the elongated nesquehonite
precursor particles is retained by the template particles. The substructure comprises regular repeating
subunits and mesopores. The absence of macropores indicates that the increased heating rate during
decarboxylation exacerbates the build-up of CO; trapped in the particles’ bulk.

[0440] The template particles’ internal macropores are inherited by the PC particles produced in the
Replication Stage and the perimorphic frameworks produced in the Separation Stage. These internal
macropores can be clearly observed in Cui’s mesoporous graphene fibers. Elimination of these
macropores in the template material results in their absence in the perimorphic material, as shown in the
SEM micrographs of FIG. 69A and 69B. The presence of these uncontrolled macropores may be
undesirable in many applications; therefore the N> Ts-type and NaTs-type template materials without these
internal macropores represent a preferred variant of the nesquehonite-derived class of porous MgO
template materials.

[0441] A PC material (N>TsP2:) made on N> Ts-type template material is shown in the SEM micrographs
of FIG. 50. Provided the carbon perimorphic walls are sufficiently thin, imaging the PC material provides

a good representation of the template morphology, since the PC material comprises the endomorphic

68



WO 2022/060588 PCT/US2021/049195

template particles coated with a conformal, conductive layer. Based on this, it can be concluded that the
N,Ts-type template particles, generated under CO; flow at a heating rate of 5°C/min from room
temperature to 640°C, were catastrophically ruptured during the Template Stage. These ruptures are
indicated by the red arrows in FIG. 50. This example highlights the role that heating rates and gas
environments may have during Template Stage processes.

[0442] Example L,T;: In another exemplary Template Stage procedure, a lansfordite template precursor
material may be thermally treated to form a porous MgO template material.

[0443] To demonstrate this, Lr-type lansfordite particles may first be generated using the procedure
described in Example L. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0444] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme B, as described in Section III. An La-type sample may be placed in the tube
furnace. Under an Ar flow of 1220 sccm, the furnace may be heated from room temperature to 640°C at a
heating rate of 20°C/min and maintained at 640°C for 2 hours. During this thermal treatment, CO; gas
may be released. In a full implementation of the General Method, the CO; process gas released during the
decomposition of the template precursor material may be conserved using conventional techniques. The
furnace may then be allowed to cool to room temperature under sustained Ar flow.

[0445] The type of porous MgO template material resulting from this process is identified herein as
L,T. The morphology of L,Ti-type template particles can be discerned from the native morphology of
carbon perimorphic frameworks synthesized on them. Such frameworks are shown in the SEM
micrographs of FIG. 51. The carbon frameworks reveal that the lansfordite template precursor material
underwent recrystallization during the Template Stage procedure, forming both hydromagnesite and
nesquehonite phases prior to formation of the L»T; template material. The recrystallization of the
precursor during may be due to the large quantity of water released in the early stages of the thermal
treatment.

[0446] Example L;T;: In another exemplary Template Stage procedure, a partially dehydrated
lansfordite template precursor material may be thermally treated to form a porous MgO template material.
[0447] To demonstrate this, Ls-type partially dehydrated lansfordite particles may first be generated
using the procedure described in Example Ls. This material represents the template precursor material
that might be generated in the Precursor Stage of a full implementation of the General Method.

[0448] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme B, as described in Section III. The Ls-type template precursor material may
be placed in the tube furnace. While under an Ar flow of 1220 scem, the furnace may be heated from

room temperature to 640°C at 20°C/min and maintained at 640°C for 2 hours. During this thermal

69



WO 2022/060588 PCT/US2021/049195

treatment, CO; gas may be released. In a full implementation of the General Method, the CO; process gas
released during the decomposition of the template precursor material may be conserved using
conventional techniques. After this thermal treatment, the furnace may be allowed to cool to room
temperature under sustained Ar flow. The furnace may then be allowed to cool to room temperature under
sustained Ar flow.

[0449] The type of porous MgO template material resulting from this process is identified herein as
LsTi. The morphology of the L3 Ti-type template particles can be discerned from the native morphology
of carbon perimorphic frameworks synthesized on them. In FIG. 52, an SEM micrograph of a mixture of
C@MgO PC particles and carbon perimorphic frameworks made from LsTi-type template particles is
shown. These particles show no signs of recrystallization into hydromagnesite or nesquehonite, from
which we can infer that the L3 template precursor material did not undergo sufficiently extensive
recrystallization during the thermal treatment detailed above. This demonstrates that the superstructure of
lansfordite and other highly hydrated template precursor materials may be better preserved if, like the Ls
template precursor material, they can be partially or completely dehydrated using rapid techniques such as
flash-drying or spray-drying.

[0450] Example L;T>: In another exemplary Template Stage procedure, a partially dehydrated
lansfordite template precursor material may be thermally treated to form a porous MgO template material.
[0451] To demonstrate this, Ls-type partially dehydrated lansfordite particles may first be generated
using the procedure described in Example Ls. This material represents the template precursor material
that might be generated in the Precursor Stage of a full implementation of the General Method.

[0452] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme B, as described in Section III, with a few modifications. While under a CO,
flow of 815 sccm, the furnace may be heated to 540°C and maintained at that temperature. An Ls-type
sample may be staged inside the quartz tube but outside of the heating zone prior to the thermal treatment.
Then, the template precursor material may be rapidly introduced into the preheated zone by a pushing
mechanism and maintained at 540°C for 30 minutes. During this thermal treatment, CO, gas may be
released. In a full implementation of the General Method, the CO; process gas released during the
decomposition of the template precursor material may be conserved using conventional techniques.
Finally, the treated template may be removed from the heat zone and allowed to cool to room temperature
under sustained CO; flow.

[0453] The type of porous MgO template material resulting from this process is identified herein as
L;sT>. A C@MgO PC material made by forming a thin carbon perimorph on the L;T>-type template
material is shown in the SEM micrographs of FIG. 53. Provided the carbon perimorphic walls are

sufficiently thin, imaging the PC material provides a good representation of the template morphology,

70



WO 2022/060588 PCT/US2021/049195

since the PC material comprises the endomorphic template particles coated with a conformal, conductive
layer. Based on this, it can be concluded that the Ls;T>-type template particles did not undergo sufficiently
extensive recrystallization during the thermal treatment to degrade their superstructure.

[0454] Example A;Ti: In another exemplary Template Stage procedure, a spray-dried dg{ s -xH,0
template precursor material comprising hollow, spherical particles may be thermally treated to form a
porous MgO template material.

[0455] To demonstrate this, As-type spray-dried MgCGs-xH:{ particles may first be generated using the
procedure described in Example A;. This material represents the template precursor material that might
be generated in the Precursor Stage of a full implementation of the General Method.

[0456] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme A with a tube rotation speed of 1 RPM, as detailed in Section III. The
sample may be placed in the tube furnace. While under an Ar flow of 1271 sccm, the furnace may be
heated from room temperature to 100°C at a heating rate of 20°C/min and maintained at 100°C for 1 hour.
The furnace may then be heated to 500°C at a heating rate of 20°C/min and maintained at 500°C for 1
hour. Finally, the furnace may be heated to 640°C at a heating rate of 20°C/min and maintained at 640°C
for 3 hours. During this thermal treatment, CO, gas may be released. In a full implementation of the
General Method, the CO» process gas released during the decomposition of the template precursor
material may be conserved using conventional techniques. The furnace may then be allowed to cool to
room temperature under sustained Ar flow.

[0457] The type of porous MgO template material resulting from this process is identified herein as
A;T1. The template particles retain the precursor particles” hollow, hierarchical-equiaxed superstructure,
with some particles comprising fragments of the shells, as shown in the SEM micrographs of FIG. 54. At
higher magnifications, the porous MgO substructure comprising conjoined subunits can be discerned.
This porous substructure is clear in the magnified inset of FIG. 54.

[0458] Example AsT;: In another exemplary Template Stage procedure, a spray-dried 8g{{3: xH, O
template precursor material comprising hollow, spherical particles may be thermally treated to form a
porous MgO template material.

[0459] To demonstrate this, As-type spray-dried MgC(s-xH,{ particles may first be generated using the
procedure described in Example As. This material represents the template precursor material that might
be generated in the Precursor Stage of a full implementation of the General Method.

[0460] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme A, as detailed in Section III. The sample may be placed in a ceramic boat in
the tube furnace. While under an N flow of 2408 sccm, the furnace may be heated from room

temperature to 200°C at a heating rate of 20°C/min and maintained at 200°C for 1 minute. The furnace
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may then be heated to 500°C at a heating rate of 5°C/min and maintained at 500°C for 1 minute. Finally,
the furnace may be heated to 900°C at a heating rate of 20°C/min and maintained at 900°C for 15
minutes. During this thermal treatment, CO; gas may be released. In a full implementation of the General
Method, the CO; process gas released during the decomposition of the template precursor material may
be conserved using conventional techniques. The furnace may then be allowed to cool to room
temperature under sustained N; flow.

[0461] The type of porous MgO template material resulting from this process is identified herein as
A;T:. The template particles retain the precursor particles” hollow, hierarchical-equiaxed superstructure,
as shown in FIG. 55A, as well as their macroporous shell structure, as shown in FIG. 55B. At higher
SEM magnifications, the porous MgO substructure comprising the conjoined subunits can be discerned.
[0462] Example C1Ti: In another exemplary Template Stage procedure, a spray-dried template
precursor material comprising hollow, hierarchical-equiaxed particles may be thermally treated to form a
porous MgO template material.

[0463] To demonstrate this, Ci-type spray-dried particles may first be generated using the procedure
described in Example A;. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0464] Next, the template precursor material may be thermally treated. This may be performed in a
muffle furnace according to Scheme D, as detailed in Section III. The Ci-type template precursor material
may be placed in a ceramic boat within the muffle furnace. The sample may then be heated from room
temperature to 650°C at a heating rate of 5°C/min. The sample may be maintained at 650°C for 3 hours.
During this thermal treatment, CO; gas may be released. In a full implementation of the General Method,
the CO; process gas released during the decomposition of the template precursor material may be
conserved using conventional techniques. Then, the furnace may then be allowed to cool to room
temperature.

[0465] The type of porous MgO template material resulting from this process is identified herein as
CiTi.

[0466] Example Ca;Ti: In another exemplary Template Stage procedure, a precipitated CaCOs template
precursor material (Albafil), herein described as Ca;, may be thermally treated to form a porous MgO
template material.

[0467] The precipitated Caj-type particles represent the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0468] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme C, as detailed in Section III. The Cas-type sample may be placed in a

ceramic boat within the tube furnace. The furnace may be heated to 1050°C under flowing Ar at 1102
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sccm. During this thermal treatment, CO; gas may be released. In a full implementation of the General
Method, the CO; process gas released during the decomposition of the template precursor material may
be conserved using conventional techniques. When the furnace reaches 1050°C, methane (CH4) gas may
be introduced into the system to begin forming a carbon perimorph on the templating surfaces. While this
surface replication step may be thought of as part of the Replication Stage, the template material may
continue coarsening concurrently until stabilized by the carbon perimorph. The system may be maintained
at 1050°C for 15 minutes under flowing CH4 and Ar, then CHs flow may be discontinued and te furnace
may be allowed to cool to room temperature under sustained Ar flow.

[0469] The type of calcium oxide (CaO) template material resulting from this process is identified herein
as Ca;T,, and the PC material made using the Ca;T; template material is identified herein as Ca;T1Py7. It
is instructive to look at the Py7-type carbon perimorphic material after extraction of the endomorphic
Ca; T, template material, since the frameworks in their native morphology are replicas of the templating
surfaces (and negative replicas of the templating bulk). Additionally, carbon frameworks are also partially
electron-transparent, allowing visualization of the templates’ internal substructure.

[0470] FIG. 56 is an SEM micrograph of the Py7-type carbon perimorphic material after extraction of the
endomorphic Ca; T template material. The thermal decomposition at 1050°C may have caused individual
CaCO:; or CaQ particles to sinter together, resulting in the formation of a template with a cluster-like
morphology. The Py7-type carbon perimorphic frameworks, which aside from some breakage appear to be
substantially in their native morphology, retain this cluster-like geometry.

[0471] Example Li;Ty: In another exemplary Template Stage procedure, spray dried lithium carbonate
template precursor material comprising hollow, hierarchical-equiaxed particles may be thermally treated
to form a porous Li»COs template material.

[0472] To demonstrate this, Lij-type spray-dried particles may first be generated using the procedure
described in Example Liy. This material represents the template precursor material that might be
generated in the Precursor Stage of a full implementation of the General Method.

[0473] Next, the template precursor material may be thermally treated. This may be performed in a tube
furnace according to Scheme C, as detailed in Section III. The Lis-type sample may may be placed in a
ceramic boat within the tube furnace. The furnace may be heated to 580°C under flowing Ar at 1271
sccm. At this point, CsHs gas may be introduced into the system to begin forming a carbon perimorph on
the templating surfaces. While this surface replication step may be thought of as part of the Replication
Stage, the template material may continue coarsening concurrently until stabilized by the carbon
perimorph. The system may be maintained at 580°C for 870 minutes under flowing CsHs and Ar, then
C;Hg flow may be discontinued and the furnace may be allowed to cool to room temperature under

sustained Ar flow.
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[0474] The type of Li»COs template material resulting from this process is identified herein as Li; Ty, and
the PC material made using the Lii Ty template material is identified herein as Lii T1P3s. It is instructive to
look at the Pis-type carbon perimorphic material after extraction of the endomorphic Li T, template
material, since the frameworks in their native morphology are replicas of the templating surfaces (and
negative replicas of the templating bulk). Additionally, carbon frameworks are also partially electron-
transparent, allowing visualization of the templates” internal substructure.

[0475] FIG. 57 is the SEM micrograph of a Pis-type carbon perimorphic framework generated on a
Li; T, template particle. The porous carbon framework has substantially retained its native morphology. In
addition to the intact cellular subunits, exocellular pores can be discerned, indicating that the Li; Ty
template particles, like the Li; precursor particles shown in FIG. 31, comprised porous shells. Typical
liquid-phase precipitations of crystalline Li>COs may produce nonporous, anhydrous crystals. However,
the spray-drying procedure facilitates the creation of a porous template precursor, and these pores can be
retained by the template.

[0476] VI. Replication Stage — Examples

[0477] In order to demonstrate the general applicability of the Replication Stage to a variety of template
materials, a number of exemplary Replication Stage procedures are presented below. For purposes of
demonstration, each exemplary procedure comprises CVD growth of carbon perimorphs on selected
template particles. However, it should be noted that other procedures, and perimorphs of alternative
compositions, will be obvious to those knowledgeable in the art.

[0478] In some exemplary Replication Stage procedures, template materials may been formed from
template precursor materials in a separate and distinct Template Stage that occurred in a different reactor.
In other instances, the Template Stage procedure and the Replication Stage procedure may both be
performed in the same reactor.

[0479] Some of the exemplary Replication Stage procedures presented in this section utilize previously
named and described template materials. Additionally, new template materials are described in some of
the exemplary Template Stage procedures, and for this reason, we describe the synthesis of these new
templates in this section. Table 6 is a summary of all of the template materials utilized in the following
exemplary Replication Stage procedures. The table includes the basic parameters utilized to make the
template materials, including the template precursor material, the furnace scheme utilized for the
Template Stage treatment, and the temperatures, times, heating rates, carrier gases and gas flow rates
pertaining to the Template Stage treatments. Some of the treatments comprised multiple segments, as
shown in Table 6. There is a special scenario where the heating rate is described as “Max” in Table 6,
indicating that the furnace did not heat at a fixed rate, but rather heated at the furnace’s maximum power

setting. Typically, the heating rate for such cases was around 40°C/min. There is another special scenario
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where the heating rate is described as “Flash™ in Table 6, indicating that the template precursor material
was introduced into the pre-heated furnace, such that it was heated extremely rapidly.

[0480] Table 7 is a summary of the CVD parameters used in the exemplary Replication Stage
procedures. Table 7 lists the templates that may be used to demonstrate various Replication Stage
procedures. Table 7 also lists the furnace schemes, as described previously in Section III, that may be
used for each Replication Stage procedure. Each Replication Stage procedure summarized in Table 7
may consist of one or more segments. Each segment has a target temperature associated with that
segment. The target temperature is denoted by T, in Table 7, where ‘n’ represents the segment number.
Each segment also has a target hold time at the target temperature Ta. The hold time is denoted by t, in
Table 7, where ‘n” again represents the segment number. Each segment also has a target heating time to
reach T,. The heating time is denoted by R, in Table 7, where ‘n” again represents the segment number.
There is a special scenario where R, is described as ‘max’ in Table 7. This indicates that the furnace did
not ramp at a fixed rate, but rather heated at a fixed maximum power setting. Typically, the heating rate
for such cases was around 40°C/min.

[0481] In some procedures, the Replication Stage immediately follows the Template Stage. In this
scenario the R, is described as ‘N/A” in Table 7. This indicates that the heating rate is not applicable
since the Replication Stage is initiated immediately after the Template Stage and continues from the same
temperature used in the Template Stage procedure.

[0482] Table 7 lists the hydrocarbon gas (“HC Type”) and flow rate (“HC Flow”) used in the
Replication Stage. Table 7 also lists the carrier gas type and flow rate used in the CVD Replication Stage
which is denoted by ‘CR Type” and ‘CR Flow’ respectively for each segment.

[0483] VII. Separation Stage — Examples

[0484] The Separation Stage comprises endomorphic extraction and perimorphic separation. In some
variants, this may occur in an integrated, one-pot technique. In other variants, the Separation Stage may
occur in two or more separate and distinct stages. For example, endomorphic extraction may involve
mixtureing the PC material in the conserved process liquid and dissolving the endomorphic material
inside the perimorphic material. Then, the perimorphic material may be separated from the stock solution.
The stock solution may then be precipitated at atmospheric pressure. The precipitate may then be slurried
into the process water at a higher solids concentration. By modulating temperature or pressure, the solids
in this concentrated mixture may then be re-dissolved at higher concentrations to create a concentrated
stock solution that may be utilized in Precursor Stage.

[0485] Example VIIa: In an exemplary endomorphic extraction procedure, MgO endomorphs may be
extracted from carbon perimorphs may be obtained by dissolving the MgO in an extractant solution

comprising aqueous H,COs.
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[0486] First, about 12.5 grams of a Cl@MgO PC powder comprising approximately 94.75% MgO
endomorph and 5.25% carbon perimorph (grown via CVD) by weight may be slurried into 2.5 L of
deionized water in a 3 L round-bottom flask. This water represents a conserved process water that would
be derived from the Precursor Stage in a full implementation of the General Method. A gas line fitted
with a 0.5 pm diffusion stone (to decrease CO, bubble size and increase reaction efficiency) may be fed
into the bottom of the flask, and the water may be stirred with a magnetic stir plate. CO» gas may be
continuously bubbled into the tank over 141 minutes at a flow rate of 4 scthy;,. This CO; represents a
conserved process gas that would be derived from the Precursor Stage or Template Stage in a full
implementation of the General Method. Dissolution of the CO; and reaction with the process water
generates an aqueous H»COs extractant solution. The reaction of the aqueous H>COs extractant solution
with the endomorphic MgO results in endomorphic extraction and the generation of a new aqueous
Mg(HCO:s); stock solution outside of the carbon perimorphic frameworks.

[0487] Perimorphic separation of the carbon perimorphic frameworks from the aqueous Mg(HCO3),
stock solution may be obtained by filtering the mixture. The carbon perimorphic frameworks may be
rinsed and dried, and an ash test may be performed. The carbon perimorphic frameworks may contain
approximately 9.49% MgO, representing a 99.5% removal efficiency of the MgO template material. The
remainder of unextracted MgO may be hermetically encapsulated within certain carbon frameworks.
Higher extraction efficiencies may be gained with higher-energy agitation techniques, which may
facilitate the breaching of sealed perimorphic walls.

[0488] In a full implementation of the General Method, the separated aqueous Mg(HCOs), stock solution
may then be conserved to be utilized in the Precursor Stage.

[0489] Example VIIb: In another exemplary endomorphic extraction procedure, MgO endomorphs may
be extracted from carbon perimorphs via a shuttling technique.

[0490] First, 500 mL of water may be magnetically stirred in a 1 L glass beaker at 700 RPM. This water
represents a conserved process water that would be derived from the Precursor Stage in a full
implementation of the General Method. Next, CO; process gas may be continuously bubbled at 3-5 scfhy
through the process water from a dip tube, forming an aqueous H.COs extractant solution. This CO»
represents a conserved process gas that would be derived from the Precursor Stage or Template Stage in a
full implementation of the General Method. Approximately 10 g of a C@MgO PC material (yield 3.5%)
comprising elongated particles may gradually be introduced into the extractant solution. Upon complete
integration of the C@MgO PC material into the solution, the mixture may appear black and possess a pH
of 9. The beaker may be covered to maintain a CO»-rich atmosphere.

[0491] After 24 hours of reaction, the conductivity of the mixture may be 19.7 mS/cm measured at

19.6°C, have a pH of 8, and appear gray. This mixture comprises the perimorphic product and a new
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aqueous Mg(HCO3); stock solution that might be used in the Precursor Stage in a full implementation of
the General Method. The solids may then be separated from the stock solution using conventional
techniques.

[0492] The solids from this mixture may be seen in the optical micrograph FIG. S8A and the SEM
micrographs of FIG. 58B and FIG. 58C. Two distinct phases are present in the sample. The first phase
comprises precipitated nesquehonite particles, which appear as transparent, elongated crystals in FIG.
58A. The second phase comprises the perimorphic product, comprising carbon perimorphic frameworks,
which appear as black particles in FIG. S8A. Some of the frameworks appear curved, indicating their
flexibility upon extraction of the rigid endomorph. The extractant solution of aqueous H,COs reacted with
the endomorphic MgO, forming solvated Mg?" and HCOs ions, which were exfiltrated from the carbon
perimorphs. Upon exfiltration from the carbon perimorphs, a portion of these ions precipitate as
nesquehonite. The dissolution and precipitation mechanisms are concurrent.

[0493] In FIG. 58B, a carbon perimorphic framework is shown. The framework has been deformed into
a non-native morphology, showing both its flexibility and the extraction of the rigid, endomorphic MgO.
An endomorphic solid is clearly present, but it is not the original MgO endomorph. Instead, it is
endomorphic MgC O H:{ that has precipitated from the residual aqueous Mg(HCO3), stock solution
inside the un-rinsed framework during drying of the high-porosity perimorphic framework. In other
words, prior to drying, the framework was substantially devoid of endomorphic solids. The residual stock
solution could be displaced using liquid-liquid separation techniques, in which case this shuttling
technique would result in displacing 10 g of MgO from the frameworks using only 500 mL of water. This
is approximately double the maximum concentration of MgO that can be dissolved into an aqueous
H,COs extractant solution at atmospheric pressure.

[0494] The mechanism for this may be the preferential adsorption and nucleation of CO, nanobubbles in
the hydrophobic carbon framework, increasing the internal CO; pressure within the framework and
therefore the solubility of Mg(HCOs), within the framework. This creates a concentration gradient that
drives the solvated ions into the surrounding process water, where they precipitate due to the lower
external CO; pressure. Hence, shuttling reduces the volume of process water needed for endomorphic
extraction, as well as the required vessel size.

[0495] Example VIIc: Endomorphic extraction of certain metal oxide or metal carbonate compounds
may be facilitated by rendering the CO; supercritical. In an exemplary procedure, 3.007 g of MgO
(Elastomag 170 calcined at 1050°C for 1 hour) may be slurried with 100.00 g DI water, resulting in a
solution conductivity of 340 uS/cm at 12.4°C. This translates to a mixture concentration of 30 g/L. MgO.
The mixture may be poured into a 1 L pressure vessel with magnetic stirring and a heating mantle.

Approximately 600 g of dry ice (solid CO;) may be added to the reactor, and the reactor then sealed.
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After 101 minutes of heating, the minimum conditions for supercritical CO conditions may be surpassed
at 31.4°C and 1,125 psi. After a total 144 minutes, the reactor conditions may reach 36.2°C and 1200 psi.
The reactor may then be actively chilled with a cooling coil for 74 minutes, after which its conditions may
reach 18.3°C and 675 psi. The pressure in the reactor may then be slowly released, and after 6 minutes
the reactor may have equilibrated to atmospheric pressure with a temperature probe reading of -5.0°C,
due to the pressure release. Approximately 23 minutes after the pressure release, a sample may be taken
from the solution, which may have a conductivity of 30.2 mS/cm at 4.5°C. The solution may be clear,
with no signs of particles or precipitation. This higher concentration solution may then be utilized for
crystallization of the template precursor material.

[0496] Example VIId: In another exemplary Separation Stage procedure, endomorphic extraction of a
water-soluble endomorphic template material may be obtained via simple dissolution in water. This may
be demonstrated by mixtureing a C@MgSO4 PC material, as shown in the SEM micrograph of FIG. 59A,
in process water. In a full implementation of the General Method, this process water may comprise the
conserved process water from the Precursor Stage. The MgSO4 endomorphic mass may be dissolved in
the process water at room temperature. Endomorphic extraction may be confirmed via SEM image
analysis, as shown in FIG. 59B-C. The new aqueous stock solution of solvated Mg?* and SO.> ions may
then be utilized for crystallization of hydrous MgSO, template precursor material in a full implementation
of the General Method. The resulting solution may be basic, indicating a minor level of decomposition of
the MgSO, to MgO during the Template Stage or Replication Stage. The basic stock solution may be
neutralized with a small amount of sulfuric acid (H2SO4). The perimorphic product may then be separated
via filtration or some other separation technique. In a full implementation of the General Method, the
stock solution may be conserved for reuse in the Precursor Stage.

[0497] Perimorphic Separations

[0498] Perimorphic products may be separated using a number of conventional techniques. In one
technique, a liquid-liquid separation may be utilized. This may be demonstrated by taking the mixture
produced by the shuttling process described above and blending it with an immiscible solvent, like
hexane. The carbon perimorphic frameworks migrate into the solvent phase, while the nesquehonite
remains in the aqueous phase. This results in phase separation and two distinct slurries, as shown in FIG.
60, which is a photograph taken after blending hexane into the mixture produced by the shuttling process
described above. The black mixture comprises solvent and carbon perimorphic frameworks. The mixture
below comprises water and nesquehonite, and appears to comprise mostly white nesquehonite particles
(albeit with some carbon particles mixed in and adhered to the sides of the scintillation vial).

[0499] Separation of the carbon perimorphic frameworks may also be obtained simply using flotation. In

some carbon perimorphic frameworks, air bubbles may remain trapped in the exocellular pores during the
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liquid-phase endomorphic extraction. This may render the frameworks buoyant or quasi-buoyant upon
endomorphic extraction. Furthermore, subjecting a mixture of these bubble-infused frameworks to a
partial vacuum increases their buoyancy, as internal bubbles expand and extrude water from the porous
framework. The progressive flotation and separation of carbon perimorphic frameworks under partial
vacuum is shown in FIG. 61. This flotation under partial vacuum was obtained without the use of
bubbling or solvents utilized in typical froth flotation procedures.

[0500] A number of variants and improvements of these separation techniques may be readily
envisioned. Flotation may be improved with the use of a solvent, as would be typical in a conventional
froth flotation process. Frameworks made on template materials with greater particle porosity may retain
more air and be more buoyant. Hollow spheres, in particular, may contain more trapped air and be more
buoyant.

[0501] Concentrating stock solutions

[0502] In some cases, it may be desirable to create a concentrated stock solution after separating the
perimorphic product. A mixture of precipitated particles, such as the nesquehonite precipitated in the
shuttling procedure described above, may be re-dissolved under conditions that allow higher solution
concentrations. For example, an aqueous mixture of precipitated MgCO3-xH,O particles may be subjected
to higher CO; pressure in order to make a concentrated stock solution, as illustrated in FIG. 14. This
concentrated stock solution may be utilized in the Precursor Stage.

[0503] Example Vlle: In one exemplary procedure, endomorphic MgO may be dissolved at higher
concentrations under pressure. To demonstrate this, 15 g of MgO (Elastomag 170) template may be
slurried with 750 g of deionized water, which may represent a conserved process water retained from the
Precursor Stage. The water may be chilled to 5°C. The solids concentration of the mixture may be 20 g/L
MgO, or approximately double the maximum concentration of MgO that can be dissolved into an aqueous
H,CO; extractant solution at atmospheric pressure. The mixture may have a solution pH of approximately
10.5 and a resulting solution conductivity of 146 uS/cm. The mixture may be poured into a 1 L pressure
vessel with magnetic stirring, a high-pressure gas inlet, and a purging needle valve. The reactor may be
sealed and purged through a purging needle valve by opening the high-pressure gas inlet, allowing
pressurized CO; gas, representing conserved CO» process gas recaptured in the Precursor Stage and
Template Stage, to flow into the vessel for 2 minutes to displace any air. The purge valve may then be
closed, and the reactor pressurized with CO» to 125 psi. After 65 minutes, the conductivity may be
approximately 15.6 mS/cm measured at 16.3°C and a pH of 8.5. This conductivity represents an
Mg(HCO:s): solution concentration equivalent to 10 g/L of dissolved MgO, which at atmospheric pressure
may require an order of magnitude longer reaction time to achieve. At the 290 minute mark, the

conductivity may be approximately 27.8 mS/cm measured at 19.5°C and a pH of 7.5. The conductivity
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value and pH measurements at 290 minutes may signify Mg(HCOz3) solubilities greater than the
approximately 10 g/L. MgO possible at atmospheric pressure.

[0504] Increased CO; pressure may likewise be used to create concentrated stock solutions from

Mz CG:3H,0 solutes, such as those produced via shuttling procedures. These concentrated stock
solutions may be produced via multistep Separation Stage procedures, in which stock solutions are used
to precipitate solids that are re-dissolved under conditions allowing higher solubility. Alternatively,
endomorphic extractions utilizing aqueous H>COs extractant solutions might be performed under
increased CO; pressure, such that higher concentrations are obtained without precipitation and re-
dissolution under increased CO, pressure.

[0505] VIII. Perimorphic Framework Examples

[0506] In the Preferred Method, carbon perimorphic frameworks are synthesized using MgO templates
derived from MgCCG:-xH:{} precursors. While coarsening may reduce the fine structuring of these MgO
templates, a typical MgO template comprises a porous substructure of conjoined nanocrystals. This
creates a labyrinthine framework with endocellular and exocellular labyrinths. This labyrinthine structure
is not specific to carbon frameworks formed on these templates—any framework will have the same
native morphology. However, carbon frameworks with thin, conformal perimorphic walls can be utilized
to study these architectures due to their ability to create fine, electron-translucent replicas of the template.
[0507] As an example, FIG. 62A is an SEM micrograph taken at high magnification showing a
labyrinthine carbon framework that has retained its native morphology. The nanocellular subunits are
quasi-discretized, but conjoined to one another. The cells, like the discretized MgO subunits upon which
they were synthesized, are monodisperse, possessing a consistent, equiaxed morphology and size
throughout the superstructure. This consistency, as well as the regularity of their packing, can be best
observed at different scales of magnification. FIG. 62 includes SEM micrographs of the same carbon
framework imaged at 25,000x (FIG. 62A), 100,000x (FIG. 62B) and 250,000x (FIG. 62C)
magnifications. The highly regular cell morphology and compactness is observable throughout the
framework. The labyrinthine framework in FIG. 62 was constructed on an ex-nesquehonite MgO
template.

[0508] While the subunits are uniformly equiaxed, the superstructures of frameworks derived from
porous MgO templates have diverse geometries to the variety of precursors from which MgO templates
can be derived. For example, frameworks generated on MgO templates made from nesquehonite template
precursor impart elongated, fibroidal superstructures, as shown by the labyrinthine framework in FIGS.
63A- 63C. Frameworks generated on templates made from hydromagnesite or dypingite template

precursors impart thin (FIGS. 64A-64B, where FIG. 64B represents a magnification of the region
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indicated by the yellow square in FIG. 64A) or hierarchical (FIG. 64C) superstructures. The labyrinthine
framework shown in FIG. 64C was generated on a hierarchical-equiaxed hydromagnesite template.
[0509] In addition to these diverse architectures, fragmentation and deformation of the frameworks may
result from mechanical agitation, such as the multilayer stack of thin pseudomorphs shown in FIG. 65.
Stacks of these thin, mesoporous porous, unlike stacks of monolayers materials (e.g. graphene), should
possess high specific porosity, retain much of their surface area, and be comparatively easier to exfoliate
due to the limited contact area between their surfaces. Agitation may also be used to create small clusters
of subunits. FIG. 66 is an SEM image showing a carbon framework that has been broken up via agitation,
forming smaller multicellular clusters.

[0510] If the template precursor, or some decomposition product of a template precursor, is coarsened
during the Template Stage, the resulting perimorphic frameworks become less compact. In one
experiment, MgO templates were sintered for 2 hours at 1,000°C prior to a Replication Stage. The
resulting MgO templates were quasi-polyhedral and generally larger than 100 nm in diameter. FIG. 67 is
an SEM image of the less compact frameworks formed on these coarsened templates. Coarsening via
sintering and coalescence of particles may degrade the inherited superstructures, creating particles of
irregular geometry in place of particles with regular, pseudomorphic geometries.

[0511] While these less compact, less regular frameworks are not as ordered as more compact
frameworks with more regular geometries, they may still be assembled into multicellular clusters with
attractive functional properties like those described in US Patent Application 62/448,129. One benefit of
less compact frameworks with flexible perimorphic walls is their increased pseudoelasticity—i.c. a
collapsed framework that is natively coarse, despite being densified by its collapse, may retain the ability
to expand back to its native dimensions without covalent failure.

[0512] Elasticity is shown in the sequences of optical images in FIG. 68. In the first sequence (1-4),
elongated carbon perimorphic frameworks are shown drying on a glass slide. These frameworks first
shrink and deform, as the surface tension of the receding residual water inside them deforms the flexible
perimorphic walls, then re-expand to their native geometry as the deformed walls locally spring back to
their native morphology. This elastic response ultimately restores the native superstructural geometry. In
the first sequence, two frameworks (labeled A and B) progress from their most shrunken, non-native state
back to their native, expanded state. The outline of framework A is traced in Frame 1, and this outline is
applied to Frames 2-4 for comparison. Ultimately, both Framework A and Framework B are restored to
their straight, native superstructure. In the second sequence (I-IV), hollow-spherical carbon perimorphic
frameworks are shown drying on a glass slide. These frameworks progress from their most shrunken,
non-native state back to their native, expanded state. The outfline of a representative framework is traced

in Frame I, and this outline is applied to Frames II-IV for comparison.
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[0513] FIG. 69 includes SEM micrograph micrographs of carbon perimorphic frameworks grown on
elongated templates (N2T4) described in Section V. The frameworks are flexible (FIG. 69A) but survive
high-shear agitation relatively undamaged. The surfaces of the porous carbon particles look uniform and
and indistinct due to the fine, collapsed cellular substructure (FIG. 69B).

[0514] FIG. 70 includes SEM micrographs of carbon perimorphic frameworks grown on elongated
templates (N>Ts) described in Section V. Templates N>T4 and N>Ts were generated from the same sample
template precursor material (N3) but via different treatments during the Template Stage. The carbon
frameworks in FIG. 70 are still flexible, but after high-shear agitation they appear damaged and gouged
compared to the frameworks shown in FIG. 69.

[0515] FIG. 71 includes SEM micrograph of carbon perimorphic frameworks grown on elongated
templates (N>T1) described in Section V. These frameworks represent the perimorphic product generated
from endomorphic extraction and perimorphic separation of the N>T1P21 PC material. The frameworks are
both flexible and highly crumpled, as shown in FIG. 71. They are compared to the more compact
frameworks synthesized on N>T4 in FIG. 72. FIG. 72A shows the more compact frameworks synthesized
on N, Ty, whereas FIG. 72B shows the less compact cellular substructure of frameworks synthesized on
N,T4. By changing the treatment procedure in the Template Stage, frameworks of different compactness
can be derived from a common template precursor material.

[0516] FIG. 73A is an SEM micrograph of carbon perimorphic frameworks (Py7) derived from a PC
material (Ca;T1P17) made on calcium oxide (CaO) template material (Ca;T1). The Replication Stage is
discussed in Section V. While some breakage could be observed, the frameworks have largely retained
their native morphology after endomorphic extraction and separation. FIG. 73B is an SEM micrograph of
the template precursor material (Ca,), a precipitated calcium carbonate (CaCOs) commercial product
(Albafil), that was used to make the CaT; template material. The average size of the precursor particles is
0.7 microns. These precursor particles were heated to 1050°C, decomposing them to CaO and sintering
the individual particles.

[0517] Raman spectroscopy is commonly used to characterize carbons and is a critical tool used to
characterize the lattice structure of the exemplary carbon perimorphic materials in this disclosure. The
details regarding the equipment and techniques used for Raman analysis are detailed in Section III.

[0518] Three main spectral features are typically associated with sp>-bonded carbon: the “G band”
(typically at or around 1585 cm™), the “2D band” (typically between 2500 and 2800 cm™), and the “D
band” (typically between 1200 and 1400 cm™). The G band is associated with sp>hybridized carbon. The
D band is associated with radial breathing mode phonons in polycyclic sp’-hybridized carbon and is
activated by defects. Therefore, the D band is associated with disorder and the peak intensity ratio of the

D and G bands iprovides a measure of disorder. Another feature associated with disorder is an interband

82



WO 2022/060588 PCT/US2021/049195

region located between the D and G bands. The presence of broad peaks within this interband range
increases the height of the trough between the D and G bands, and this height may therefore be used as a
measure of disorder, where higher troughs are associated with greater disorder. For this reason, the
present disclosure utilizes the height of this trough to characterize disorder. The trough height is defined
herein as the local minimum intensity value occurring between the wavenumber associated with the D
peak and the wavenumber associated with the G peak. The intensity value at this wavenumber is then
compared to the G peak intensity to characterize disorder.

[0519] In order to avoid resorting to subjective profile-fitting judgments, the present disclosure analyzes
the unfitted Raman spectra of the carbon perimorphic materials presented herein. All references to peak
positions and peak intensities therefore relate to unfitted peak positions and are derived without profile
fitting. Additionally, all peak positions and peak intensities reported are measured under 532 nm
excitation. The intensities of the G, 2D, D, and trough are designated herein as Ig, Lop, Ip, and Ity
respectively.

[0520] Table 8 summarizes the Raman metrics of the carbon frameworks generated in this disclosure.
Table 8 details the sample names of the template precursor, template and PC materials from which the
frameworks are generated. The CVD growth temperatures, hydrocarbons used, and procedure times
during the Replication Stage are detailed. The yield obtained from TGA analysis of the PC is also detailed
in Table 8. The Raman laser power used to take spectral measurements is also listed in Table 8. The
Raman metrics presented in Table 8 include the Ip/Ig and I/l peak ratios along with the G peak position,
D peak position and spread between the G and D peak positions. These Raman metrics, taken together,
convey information about the level of order and disorder in the samples.

[0521] The Ip/Ig peak intensity ratios for the carbon perimorphs in the PC materials range between 0.78-
1.27, indicating that these samples comprise disordered carbons. This disorder is corroborated by the
generally high Ir/I peak intensity ratios, which range between 0.17-0.64 as shown in Table 8. It is also
confirmed by the non-planarity of the graphenic lattices, which can be discerned in high-resolution TEM
micrographs, such as the magnified inset of FIG. 5B.

[0522] For crystalline sp>-hybridized carbons like graphite, the G band is expected to be centered around
~1580 cm™. It has also been shown that the G band can be red-shifted for carbons under compressive
strain and blue-shifted under tensile strain. For sp? carbons, the D band, if present, should be centered
around ~1350 cm™ (for 532 nm laser). Red-shifting of the D band position, as seen in some of the
samples, is indicative of sp* defect states present within the disordered sp® carbons.

[0523] For the samples described herein, the G band peak positions range between 1581-1609 cm™, and
the D band peak positions range between 1324-1358 cm!, as shown in Table 8. The spread of the G band
peak position and D band peak position may lie between 239-279 cm™, with bigger spreads indicating
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more strain and disorder. Some of the samples have been annealed, and annealing may be desired to

reduce this disorder.
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CLAIMS

1. A method for producing a carbonaceous perimorphic framework by:

L Deriving a precursor material and a mother liquor from a first stock solution via

solventless precipitation; and

II.  Heating the precursor material to form a template material; and

II.  Adsorbing a carbonaceous perimorphic material to the template material; and

IV. Reacting the template material with an extractant solution comprising the mother
liquor to form a carbonaceous perimorphic framework and a second stock solution,
the second stock solution and the first stock solution sharing a similar chemical
composition.

2. A method for producing a carbonaceous perimorphic framework by:

L Deriving a precursor material and a mother liquor from a first stock solution via

solventless precipitation; and

II.  Heating the precursor material to form a template material; and

II.  Adsorbing a carbonaceous perimorphic material to the template material; and

IV. Reacting the template material with an extractant solution comprising the mother
liquor to form a carbonaceous perimorphic framework and a reconstituted stock
solution, the first stock solution and the reconstituted stock solution sharing a
similar chemical composition; and

V.  Forming additional perimorphic frameworks by cyclical repetition of I through IV,

wherein the reconstituted stock solution formed in each cycle comprises the first

stock solution used in a subsequent cycle.
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3. A method for producing a carbonaceous perimorphic framework by

L From a first stock solution comprising ions dissolved in a process liquid, forming

via solventless precipitation:

a precursor material comprising a solid precipitate; and

a mother liquor, the mother liquor comprising an unprecipitated portion

of the ions dissolved in the process liquid; and

II.  Treating the precursor material to form a template material, the treating comprising
at least one of decomposing a portion of the precursor material, changing a
morphology of the precursor material, activating the precursor material, and

heating the precursor material; and

III.  Adsorbing a carbonaceous perimorphic material to the template material to form a

perimorphic composite material; and

IV.  Exposing the perimorphic composite material to an extractant solution, the

extractant solution comprising an extractant and the mother liquor; and

V.  Extracting the template material from the perimorphic composite material to form

a second stock solution, the second stock solution having a composition

similar to the first stock solution; and

a carbonaceous perimorphic framework, the carbonaceous perimorphic
framework comprising a carbonaceous perimorphic wall and pores, the

pores being formed by the extracting of the template material; and

VI.  Separating the carbonaceous perimorphic framework from the second stock

solution.

4. A method for producing a hollow carbonaceous perimorphic framework by:
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Iv.

VL
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Atomizing and evaporating a first stock solution comprising ions dissolved in a

process liquid to form

a precursor material comprising hollow precursor particles; and

a vapor comprising evaporated process liquid; and

Condensing the evaporated process liquid in the vapor to form a conserved

process liquid; and

Treating the precursor material to form a template material, the template material
comprising hollow template particles and the treating comprising at least one of
decomposing a portion of the precursor material, changing a morphology of the
precursor material, activating the precursor material, and heating the precursor

material; and
Adsorbing a carbonaceous perimorphic material to the template material to form
a perimorphic composite material, the perimorphic composite material

comprising hollow perimorphic composite particles; and

Forming an extractant solution by adding an extractant to the conserved process

liquid; and

Exposing the perimorphic composite material to the extractant solution; and

Extracting the template material from the perimorphic composite material to

form

a second stock solution, the second stock solution having a composition

similar to the first stock solution; and
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a hollow carbonaceous perimorphic framework, the hollow carbonaceous
perimorphic framework comprising a carbonaceous perimorphic wall

and pores formed by the extracting of the template material; and

VIII.  Separating the hollow carbonaceous perimorphic framework from the second

stock solution.

5. A method for producing a carbonaceous perimorphic framework by

L From a first stock solution comprising aqueous magnesium bicarbonate, forming

via solventless precipitation:
a precursor material comprising a magnesium carbonate precipitate; and
a mother liquor, the mother liquor comprising an unprecipitated portion
of the first stock solution with a reduced concentration of magnesium

bicarbonate; and

a vapor comprising at least one of a first portion of process water vapor

and a first portion of CO; process gas; and

II. Treating the precursor material to form

a template material comprising porous magnesia particles; and

a vapor comprising at least one of a second portion of process water

vapor and a second portion of CO; process gas; and

I Adsorbing a carbonaceous perimorphic material to the template material to form

a perimorphic composite material; and

Iv. Optionally, condensing at least one of the first and second portions of process

water vapor to form a conserved process water; and
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V. Exposing the perimorphic composite material to an extractant solution
comprising aqueous H,COs, the extractant solution optionally comprising at least
one of the first and second portions of CO; process gas and the conserved process

water; and

VL Extracting the template material from the perimorphic composite material to
form
a second stock solution comprising magnesium bicarbonate and having a

composition similar to the first stock solution; and
a carbonaceous perimorphic framework, the hollow carbonaceous
perimorphic framework comprising a carbonaceous perimorphic wall

and pores formed by the extracting of the template material; and

VII.  Separating the carbonaceous perimorphic framework from the second stock

solution.

6. A method for producing a hollow carbonaceous perimorphic framework by:

L Atomizing and evaporating a first stock solution comprising magnesium

bicarbonate dissolved in a process water to form

a precursor material comprising hollow magnesium carbonate precursor

particles; and

a vapor comprising a first portion of process water vapor and a first

portion of CO; process gas; and

IL. Condensing the first portion of process water vapor to form a first portion of

conserved process water; and

I Treating the precursor material to form

a template material comprising hollow magnesia particles; and
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a vapor comprising at least one of a second portion of process water

vapor and a second portion of CO; process gas; and

Iv. Optionally, condensing the second portion of process water vapor to form a

second portion of conserved process water; and

V. Adsorbing a carbonaceous perimorphic material to the template material to form
a perimorphic composite material, the perimorphic composite material

comprising hollow perimorphic composite particles; and

VL In at least one of the first and second portions of conserved process water,
dissolving at least one of the first and second portions of CO; process gas to form

an extractant solution comprising H>COs; and

VII.  Exposing the perimorphic composite material to the extractant solution; and

VIII.  Extracting the template material from the perimorphic composite material to
form
a second stock solution comprising magnesium bicarbonate and

having a composition similar to the first stock solution; and

a hollow carbonaceous perimorphic framework, the hollow
carbonaceous perimorphic framework comprising a carbonaceous
perimorphic wall and pores formed by the extracting of the template

material; and

IX. Separating the hollow carbonaceous perimorphic framework from the second stock

solution.

7. A method for producing a carbonaceous perimorphic framework by

L From a first stock solution comprising aqueous magnesium bicarbonate, forming

via solventless precipitation:
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a precursor material comprising a magnesium carbonate precipitate; and

a mother liquor, the mother liquor comprising an unprecipitated portion
of the first stock solution with a reduced concentration of magnesium

bicarbonate; and

a vapor comprising at least one of a first portion of process water vapor

and a first portion of CO, process gas; and

II. Treating the precursor material to form

a template material comprising porous, dehydrated magnesium carbonate

particles; and

a vapor comprising at least one of a second portion of process water

vapor and a second portion of CO; process gas; and

1. Adsorbing a carbonaceous perimorphic material to the template material to form

a first perimorphic composite material; and

Iv. Optionally, condensing at least one of the first and second portions of process

water vapor to form a conserved process water; and

V. Decomposing the template material to form a second perimorphic composite
material comprising the carbonaceous perimorphic material and endomorphic

magnesia;

VL Exposing the second perimorphic composite material to an extractant solution
comprising aqueous H.COs, the extractant solution optionally comprising at least
one of the first and second portions of CO; process gas and the conserved process

water; and
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VII.  Extracting the endomorphic magnesia from the perimorphic composite material
to form
a second stock solution comprising magnesium bicarbonate and having a

composition similar to the first stock solution; and

a carbonaceous perimorphic framework, the hollow carbonaceous
perimorphic framework comprising a carbonaceous perimorphic wall

and pores formed by the extracting of the template material; and

VIII.  Separating the carbonaceous perimorphic framework from the second stock

solution.

8. The method of any one of claims 1 to 7, further comprising annealing at least one of the

perimorphic composite material and the carbonaceous perimorphic framework.

9. The method of any one of claims 1 to 8, wherein the carbonaceous perimorphic material

comprises a synthetic anthracitic network.

10. The method of any one of claims 1 to 8, wherein the carbonaceous perimorphic material

comprises a graphenic monolayer.

11. The method of any one of claims 1 to 10, wherein the carbonaceous perimorphic material

comprises a maximum thickness of 100 nm.

12. The method of any one of claims 1 to 11, wherein the template material comprises a porous

network of conjoined subunits.

13. The method of any one of claims 1 to 12, wherein the template material comprises a Brunaugss—

Eouvett-Teller (BET) surface area between 10 m%/g and 100 m%/g.

14. The method of any one of claims 1 to 12, wherein the template material comprises a BET

surface area between 100 m%/g and 400 m%g.

15. The method of any one of claims 1 to 14, wherein the template material comprises at least one
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of Group I metal cations, Group II metal cations, oxyanions, and oxygen anions.

16. The method of any one of claims 1 to 15, wherein the extractant solution is formed by

dissolving CO; in water at a CO; pressure of greater than 1 atm.

17. The method of any one of claims 1 to 16, wherein the precursor material comprises a carbonate

of a Group I or II metal.

18. The method of any one of claims 1 to 17, wherein the precursor material comprises the

magnesium salt of a weak acid.

19. The method of any one of claims 17 to 18, wherein the precursor material comprises a hydrous

magnesium carbonate.

20. The method of any one of claims 1 to 19, wherein the precursor material comprises a

hierarchical-equiaxed morphology.
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