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The mitigation of global warming and climate change are significant issues that must be tackled and which will otherwise lead
to destruction across the globe. One of the main causes of this is the rampant emission of CO,, making up near 76% of all
greenhouse gas emissions. Carbon Capture and Utilization (CCU) is a leading method in combating the rising emissions of CO;.
As different methods can change the output and outcome of carbon utilization, various catalysts must be considered to maximize
the output. Inorganic catalysts, in particular, stand out as their properties allow for more recyclability and stability over time. For
example, metal oxides have shown CO, adsorption capabilities up to 9.77 mmol/g and enhancement of CO, conversion to CO by
97% faradaic efficiency. Photocatalysts such as Ru(bpy) show high CO; reduction selectivity, and metal organic frameworks such
as HKUST-1 showed CO» capture efficiencies of up to 7.52 mmol/g. Despite these capabilities, problems lie in the cost, scalability,
and energy requirements, calling for more technological development. This review will assess the synthesis, capabilities, and
applications of metal oxides, photocatalysts, and metal organic frameworks as inorganic catalysts in Carbon utilization processes.
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Storage
Introduction

A direct consequence of burning fossil fuels is the excessive lev-
els of CO; released, driving global warming and climate change.
This generation of CO, constitutes nearly 76% of global green-
house gas emissions'. Data collected by NASA show that the
past ten years have been the warmest years on record. When
compared with 2014, which saw an increase in global temper-
atures of 0.74 °C relative to a benchmark of the 1950-1981
average, the temperature increase in 2023 was measured at 1.17
oc?, Droughts, floods, heat waves, and other extreme weather
events are amplified by this rise in temperature®. It may be diffi-
cult, however, to fully greenify or electrify specific industries
such as oil and gas as they require the powerful capabilities of
fossil fuels to produce their energy-intensive processes*(. As
such, capturing released carbon and repurposing it creates an
efficient and sustainable way to slow down the rise in CO; levels
and protect the environment. This strategy, better known as Car-
bon Capture, Utilization, and Storage (CCUS), is a promising
solution.

Through various methods, CCUS + 63 ‘can be used to safely
and efficiently store emissions, and create products with an
already existing market. In particular, methanol and urea are
common products of CCUS. Enhanced oil recovery and con-
version into biochar are also popular processes, contributing to
agriculture and fuel production.

The first step in the CCUS process is carbon capture. As ad-
vancements in strategies for CO; capture have gained increasing
global prominence in the past two decades, the technology has
favored point sources where CO, is highly concentrated™. Point-
source capture refers to methods in which CO; is extracted
before the release of the other fuel consumption byproducts,
namely through pre-combustion, oxyfuel combustion, or direct
air capture. However, broader issues across the entire process
hinder its viability on an industrial scale.

CCUS processes is currently held back by its developing tech-
nology, especially within infrastructure for storing and transport-
ing carbon, as well as a need for sustainable sources of energy™.
Due to this, CCUS currently lacks scalability in terms of cost
and efficiency. Furthermore, CO, must undergo purification
and transportation prior to utilization, requiring development in
those fields alongside utilization for a more cohesive develop-
ment.

Incorporating catalysts is an essential step in scaling CCUS
to an industrial level. As discussed earlier, for CCUS to be
improved, other fields such as carbon storage and transport both
need to be developed further. As such these inorganic cata-
lysts can assist in CCUS. By introducing catalysts into CCUS
processes, they assist with the adsorption and conversion of
CO; into value-added products. In storage, inorganic catalysts
can adsorb CO; through their distinct porous structures and
surface modifications. In utilization, catalysts lower the activa-
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tion energy required to convert the CO; into useful chemicals.
Inorganic catalysts are gaining significant attention for their po-
tential in CO; capture, owing in part to their intrinsic properties,
including porosity and solubility, which may hold significance
in creating a greener future. Industrial leaders are already utiliz-
ing CO; and inorganic catalysts in order to create products such
as ethylene and polyols, which are then used to replace fossil
fuels’.

This review focuses specifically on inorganic catalyst. Unlike
homogeneous or enzymatic systems, they show capabilities in
cost-effectiveness, thermal stability, recyclability, and potential
for larger scale application.

Current studies have highlighted various categories and spe-
cific catalysts for CCUS. However, few provide a cohesive view
and comparison of various inorganic catalysts and their perfor-
mance. This review will delve into the synthesis, properties, and
applications of metal oxides, photocatalysts, and metal-organic
frameworks (MOFs) in CCUS, to assess their development,
broader applicability, and potential environmental impact.

Methodology

To compile information and data for this review, an extensive
search was taken to gather relevant and recent information re-
garding carbon capture and inorganic catalysis. In particular,
sources were chosen from peer-reviewed, high-impact journals
from Google Scholar in order to ensure the credibility of the in-
formation presented. Sources detailing advancements from the
past 20 years were prioritized in order to use the most up-to-date
information for the review.

Furthermore, data extraction was conducted with the follow-
ing keywords: catalysis, CO, conversion, MOFs in CO; reduc-
tion, photocatalytic CO; reduction, etc. By using these key-
words, sources were narrowed down to be most relevant towards
addressing the role of inorganic catalysts in CCUS.

Discussion

Inorganic Catalysts

The relative inertness of CO, (bond dissociation energy of
around 1600 kJ/mol) often requires catalysts to help break the
covalent bonds”. Inorganic catalysts show great promise in
carbon capture and conversion due to their stability in harsh en-
vironments and high turnover numbers. As carbon capture and
conversion typically go hand in hand, this section will discuss
the development of inorganic catalysts and their applications to
both processes.

A common process used in developing inorganic catalysts
is sol-gel, a wet chemical method used for the synthesis of
nanostructures 'V, By dissolving a molecular precursor, turning
it into a gel, and then drying it, materials such as metal oxides

can be synthesized!?. Another method is solvothermal synthesis,
which is conducted under high pressure and creates high-quality
crystalline structures’'12, In this process, a new material is
produced by placing a precursor and solvent in a closed system
in which the temperature rises beyond the boiling points of the
solvent'3.,

The optimization for certain traits is essential in the synthe-
sis of catalysts. For CCUS, surface area, porosity, and water
solubility are critical considerations, as they affect the way the
catalysts absorb and adsorb CO,. Catalyst sustainability, either
in turnover number or the availability of the material itself, is
also an important consideration in maximizing the environmen-
tal benefits. Additionally, it is also important to consider the
identity and associated properties of the catalyst, which can help
maximize efficiency and meet targets, such as environmental
impact thresholds. The following sections will examine what
properties are associated with various catalysts among metal
oxides, photocatalysts, and metal-organic frameworks.

Metal Oxides

A metal oxide is a compound with a metal cation and oxygen
anions, mainly in the form of ionic bonds. These have been
studied since the 1950s for hydrocarbon processing, in which
hydrocarbons are converted into valuable products, and for their
oxidizing capabilities'#. They are studied so often in part of their
Unlike other catalysts, such as zeolites and activated carbons,
metal oxides exhibit high thermal stability and high selectivity
under harsh conditions'”. Additionally, metal oxides” intrinsic
reactivity with CO, makes them an attractive option for cap-
ture and conversion. Furthermore, they are more cost-effective
than many catalyst alternatives and are also less toxic'®. The
reactions catalyzed by metal oxides can be further improved by
implementing supporters such as silicas and aluminas, providing
better stability for the catalysts' 218, However, a key limitation
with widespread metal oxide implementation in CCUS is the
high consumption of energy required to activate and in each
catalyst turnover, which is correlated with their fast-saturating
properties and raises questions of sustainability!>.

a. Magnesium Oxides

Magnesium oxide (MgO) is particularly useful in performing
CO; absorption, a type of CO; capture in which CO; is selec-
tively dissolved from a gas mixture. MgO’s surface morphology
is suitable for oxygen generation, resulting in efficient CO, ab-
sorption and low energy consumption for regeneration?’. Acti-
vating carbon nanofibers with MgO generates a catalyst capable
of increasing CO, absorption capacity up to 2.72 mmol/g=!,
Supporting activated carbon-based bamboo (BAC) using MgO
nanoparticles (NPs) also shows strong adsorption capabilities.
Relative to the physical absorption of regular BACs (18.8 mg/g),
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the MgO(NPs)-BAC (39.8 mg/g) showed a 112% increase in
the physical adsorption of C 0,22 Furthermore, fibrous silicas
can be improved using MgO. Regular fibrous silicas show an
absorption of CO, of 0.52 mmol/g, while MgO-infused fibrous
silicas have an absorption of 9.77 mmol/g'm.

b. Calcium Oxides

Despite excessive sintering and relative ease of decomposition,
calcium oxide (CaO) is an excellent solid adsorbent for CO;.
CaO nanoparticles derived from nanosized CaCO3 show a 20%
increase in the amount of CO, converted, relative to bulk CaOl3,
Furthermore, if the CaO is carbonated for a sufficient duration
prior to use, the aforementioned drawbacks of sintering and
decomposition are significantly reduced??. Another study found
that a hydrated solution of CaO in a multi solvent mixture of
water and ethanol shows a near 100% increase in the catalyst’s
sorption capacity, and it is theorized that alternative syntheses
could further increase catalyst efﬁciency. CaO, when dis-
persed on an inactive support such as -Al203, also demonstrates
an increase in sorption capacity. In comparison to standard
CaO, the Al-dispersed CaO showed a higher capacity to bind
CO;, reduced sintering, and high efficiency in low temperatures,
circumventing a traditional limitation of metal oxide catalysts.
The dispersed CaO also shows long-term stability, maintaining
90% of its efficiency as compared to bulk CaO (at 50%) after
20 cycles.

¢. Zinc Oxides

Five metal oxides (ZnO, SnO2, Fe203, La203, and CeO2) were
tested to see which would have the greatest catalytic effect on the
process of transforming glycerol into glycerol carbonate with
CO; as a reactant (Figure 122, Zinc oxide showed the great-
est efficiency, yielding 8.1% of glycerol carbonate®, Further-
more, bimetallic ZnCu electrocatalysts can be used to selectively
achieve a highly efficient conversion of CO, into CO. While the
selectivity of ZnO alone is limited to 30% faradaic efficiency,
a measurement of how efficiency charges are transferred in a
system during an electrochemical reaction, the two-metal com-
bination increases the selectivity to 97% faradaic efﬁciencym.
Additionally, a CuO-ZnO-ZrO catalyst supported by graphene
oxide (GO) has shown excellent efficiency in converting CO;
to methanol. The addition of GO (0.5-2.5 wt%) increases the
availability of active sites for the adsorption CO; and H2, thus
increasing selectivity for methanol production from around 70%
(without GO) to 75.9% (with GO) and further enhancing the
overall yield of methanol??.

d. Nickel

Nickel oxides (NiO) are attractive metal complexes for Carbon
utilization, with high reactivity and cost-efficiency. However,

drawbacks include their tendency to sintering at high tempera-
tures and deactivation from coke formation®?. Ceria has been
shown to counteract these limitations by dispersing the NiO
over a support framework and reducing sintering, thus enhanc-
ing the Ni’s performance. Reduced GO-supported NiO shows
a 63.1% CO, conversion rate, while the addition of ceria in-
creases the rate to 84.5%52. NiO nanoparticles themselves are
also competent at carbon capture, increasing carbon absorption
by 34% in limited-mixing conditions (incompletely mixed) and
54% in high-mixing conditions (completely mixed) 3.

e. Titanium

TiO,, a porous metal oxide, shows a rate of catalytic conversion
of CO; up to 10 times higher than methane’s, yielding from 2
to 3 times as much CO33. A bimetallic combination of bismuth
and titanium (Bi, O3-Ti0,) showed that TiO, polymorphs such
as rutile and anatase can be modified with this compound to
better adsorb CO,3%. Carboxylate production from CO, through
electron transfer is also made possible through the catalyst’s
strong adsorption and alteration capabilities@]. Thus, TiO; is a
versatile stepping stone to the reductive conversion of CO, to
other value-added materials.

10

yield of glycerol carbonate (%)

0

Fe203 2 zno
Fig. 1 Comparison of the yield of glycerol carbonate over five metal

oxides (180 °C, 150 bar, 12 hours).

SnO: CeO2 La203

This overview provides a comparison of metal oxides’ cost
and lifetime in addition to their reactivity and efficiencies pre-
sented earlier.

Photocatalysts

Unlike metal oxides, which use heat as a source of activation,
photocatalysts are compounds that absorb photons as a means to
gather energy and perform redox reactions and/or sensitizations.
As aresult, photocatalysts provide a more environmentally posi-
tive option for CO; transformation, gaining attention in recent
years as their loadings tend to be significantly lower than those
of traditional catalysts. Furthermore, as they are activated by
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Table 1 Comparison of Metal Oxides’ Lifetime and Cos

Lifetime Cost (per
100 grams)
Magnesium Ox- | Lasts around 10-20 cy- | ~$85
ide cles> per 100
grams™>
Calcium Oxide Lasts over 20 cycles | ~$9
(when dispersed on - | per 100

AlO.)12 grams-°

Zinc Oxide Lasts over 25 adsorption- | ~50$
desorption cycles’ per 100
grams=
Nickel Oxide Doesn’t last long, but | ~$140
its lifetime can be ex- | per 100
tended with ceria as a | grams=?
supporter>
Titanium Oxide | Lasts incredibly long | ~$60
even in sunlight* per 100
grams™*!

light, they do not require harsh or energetically costly conditions
(e.g. high temperatures). Solar energy is also a major source of
photons, allowing photochemical transformation through this
method to have minimal impact on the environment=>. Fur-
thermore, spatiotemporal control can be achieved with the use
of photocatalysis, as the scope of reactivity is localized to the
presence of both the light and the catalyst*2. Photocatalysts are
also capable of creating exotic and valuable bond constructions
more readily than previously established protocols“>. However,
a clear disadvantage of using photocatalysts is that they can
lack substrate selectivity, leading to off-cycle reactivity and low
CO, reduction®3. As such, a heavy emphasis in photocatalyst
development for CO; capture and conversion is on improving
yields of and selectivity for the desired product.

a. Re(I)

A commonly utilized metal complex in CO; conversion is rhe-
nium(I), which displays high selectivity of products (preferen-
tially forming CO) and reduction efficiency of CO,**. Rhenium
can be utilized through Re(bpy)(CO)3L complexes, where L
is an X-type ligand, typically -NCS, -Cl, or -CN*%, The NCS
complex is the most efficient, producing around 60 uMol of CO
after 25 hours of irradiation, while the -Cl complex produces
half of that amount*. All three examples also show the highest
efficiency between 300 and 400 nm (UV) irradiation*®. In a
DMF-triethanolamine solvent system, the production efficiency
and selectivity of CO are increased®. Furthermore, adding
bromide or chloride counterions can increase the durability of
the complex. This prevents the formation of formate complexes,

which can lower the CO; reduction efficiency 4l However, one
significant drawback of widespread Re(I) adoption is the toxi-
city associated with the CO ligands. Further development and
addressing this issue may make Re(I) complexes even more
prominent.

b. (GO) — TiO, — Ag,O (with or without Arg)

GO, when combined with TiO,, a semiconductor used for
CO; reduction, possesses considerable absorption and a large
conductivity capacity (5000 W m-1 K-1), creating a versatile
composite®®. Adding silver oxide (Ag,0) allows the catalyst
to surpass Ti0,’s catalytic limitations*’. The energy gap be-
tween this photoactive composite’s ground and excited states
can be bridged with high-energy UV light with excellent ef-
ficiency*’. Adding arginine (Arg) as a sacrificial agent in-
creases the catalyst’s overall efficiency and the photolumines-
cence (PL) absorption surface, red-shifting its absorbance wave-
length to the visible light region*’. GO — Ti0> — Ag,O — Arg
shows higher absorption of CO, than GO — TiO, — Ag,0 un-
der most conditions, aside from irradiation under UV light at
40 °, where GO — TiO, — Ag, O outperforms the Arg-modified
catalyst by about 300 mmol/g (Table 1)*Z. Under UV and vis-
ible light, respectively, GO — TiO, — Ag>O produces 32.616
umol / gcatalyst of methanol, and GO-TiO, — Ag,O — Arg pro-
duces 20.385 umol / gcatalyst of methanol over 4 hours, outper-
forming the yields of comparable photocatalysts (Table 2)#/2%,
When reused, both composites lose little efficiency, suggesting
that they may be sustainably viable®’.

c. Ru(bpy)

The photocatalyst [Ru(bpy)(CO)2Cl,] (and its reduced form,
[Ru(bpy)(CO),]*") excels at the conversion of CO; into CO
and formic acid via a multi-step photo-electrocatalytic cycle.
When combined with a nitrogen doped Ta205 semiconductor,
the complex acts as a charge-transfer mediator between the
photosensitizer and CO;. In these conditions, its performance
increases dramatically, showing turnover numbers less than 10
as well as a redox potential of 0.7 V vs. SHE®>. When in contact
with light, electrons from the semiconductor are transferred to
the Ru-complex. Through sequential two-electron reduction, the
hydride complex [Ru(bpy),(CO)H]™ is created, which takes in
CO,, and eventually creates formic acid, after which the cycle
renews>>. With a free energy of 18.56 kcal mol-1 and an activa-
tion energy of +32.91 kcal mol-1, the cycle is accessible both
kinetically and thermodynamically>>. The selective product
formation and absorption of light makes Ru- based complexes
promising for CO, conversion. However, as its precursor uti-
lizes a rare metal and released carbon monoxide in its cycle,
its potential usage is hindered by its economical viability and
environmental impact>>.
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Table 2 Comparison of CO, absorption capacity of catalysts in various
conditions (10 bar)*Z.

This table compares the methanol production efficiencies of
various photocatalysts under different light conditions.

This table compares the CO, absorption efficiencies of vari-
ous photocatalysts under different light conditions.

Table 3 Comparison of Catalyst Activity in Synthesis of Methanol
(CH30H) from CO,#/7340,

Catalyst (g) Reaction Product
condition (umol /g cata-
light / time | lyst)

(hr)

1 | V-TiO;(0.2) Visible/4 CH;OH (4.6)
Cr—TiO, (0.2) CH3;0H (2.94)
Co—TiO, (0.2) CH30H (6.53)

2 | Ag—TiO, (0.1) | UVVisible/8 | CH30H (29)

and 6
CH;OH (15)

3 | N-doped TiO, | UVVisible/2 | CH30H (20)
(0.6)

4 | NTiO, (0.1) Visible/2 CH;0H (0.2)

5 | FeTiO3/TiO, UVVisible/3 | CH3:0H
(0.05) (1.3861.296)

6 | Cu/FeTiO, — | noh CH;0OH (4.12)
Si0O,

7 Ti-silica film no h CH;0H (11)

8 | g—C3N3(0.1) UVVisible/1 | CHs/CH30H

(0.26)

amine- UVVisible/1 | CH30H (0.28)

functionalized

g —C3Ny (0.1)

9 | GO — TiO, — | UV/4 CH;OH
Ag20 (0.1) (32.616)

10 | GO — TiO, — | Visible/4 CH;OH
Agr0—Arg (0.1) (20.385)

Catalyst Temp (°C) | Light CO, ab-
sorption Table 4 Comparison of Photocatalysts’ Lifetime and Cost.
(mmol/g) Lifetime Cost
1| GO—-TiOy — | rt. uv 1237.815 Re(I) TON of 30 (with 1-NCS)#> ~$500 per gram
Agr O —Arg (precursor)>’
40 uv 690.27 (GO) — | Can be reused many times | ~$60 per 100
r.t. visible 1255.461 TiO, — | without losing efficiency*’ | grams*!
40 visible 786.544 Agr0
2| GO—-TiOy — | rt. uv 1209.27 Ru(bpy)32+4 TON of 4000 | ~$278 per
Ag0 (with 5.0 uM  of | gram?®
40 uv 988.695 trans(Cl)Ru(bpy)(CO),Cl,)
r.t. visible 1183.32
40 visible 621.502 This overview provides a comparison of photocatalysts’ cost

and lifetime in addition to their reactivity and efficiencies pre-
sented earlier.

Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are marked by their highly
tunable, lattice-like structures composed of metal nodes and
organic linkers, and large surface area, setting them apart from
metal oxides and photocatalysts. Furthermore, MOFs contain an
extremely high degree of porosity, making them an attractive op-
tion for CO, capture 29 MOFs are also stable, maintaining struc-
tural integrity over multiple cycles of use, which contributes to
arguments for their sustainability and scalability®". Their main
advantage over other catalysts arises from their ability to be
modularized both before and after synthesis. As a result, many
of MOFs’ structural properties, such as pore size, metal cen-
ters, and organic linkers, can be tuned for a specific purpose>.
However, the reaction environment may significantly influence
their performance and reactivity. Moisture, for example, can de-
compose the MOFs®! They are also costly to produce on large
scale, and as such, scalability to industrial levels is a significant
challenge to be addressed. Despite these limitations, MOFs
show potential for their long-lasting lifetime and CCS/CCU
efficiency.

a. MOF-808

MOF-808 is composed of hydroxo/aquo-termimated Zr608
clusters held together by benzene-1,3,5-tricarboxilate (BTC) lig-
ands®Z. By binding amino acids to the backbone, different func-
tionalities and qualities of MOF-808 derivatives, such as their
regeneration and CO, capture efficiency, were tested. Among
these amino acids, MOF-808 absorbed the most CO, when com-
bined with glycine (15 kPa; 0.693 mmol/g) and DL-lysine (15
kPa; 1.949 mmol/g)©>. MOF-808 also possesses interconnected
pores of varying sizes, consisting of smaller pores (which are in-
accessible to guest molecules) and complementary larger pores,
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contributing to the selectivity for CO,%. The amino groups
on alkyl chains are oriented towards these pores, which are the
primary sites for CO, capture®?. A vital source of CO, is flue
gas, which is constituted mainly by CO, (8-15%)%*. In order to
capture flue gas at a low cost, MOFs need to be moderately water
and moisture-tolerant. MOF-808s have shown retained catalytic
behavior under humid conditions, with certain variations such as
MOF-808-Gly even enabling an increased CO; uptake when in
humid conditions®®. This makes MOF-808 more efficient in an
environment where other catalysts may deteriorate, maintaining
uptake capacity even after 80 cycles®®. This implies its sustain-
ability for long-term and widespread usage, as it can operate
effectively within a green solvent (i.e. water).

b. MOF-5

MOF-5 is distinguished by its exceptionally stable and porous
framework. Its structure is defined by an octahedral array of
1,4-benzene-dicarboxylate (BDC) groups joined with inorganic
[0Zn4)%* groups®.. Even when solvent molecules are evacu-
ated, MOF-5s maintain their structure and porosity, emphasizing
their potential in CO, storage®?. MOF-5s also contain Zn2+,
which harbor defect sites (i.e. crystalline imperfections) that
can serve as the active sites for the reaction of CO, to epoxides,
forming the matching cyclic carbonate®. However, this reaction
operates mainly under harsh conditions, requiring high tempera-
tures and pressures™?. This suggests that the catalytic activity
within defect sites may not produce enough yield to be consid-
ered efficient. As such, research aimed towards increasing the
density of defect sites is an active area of exploration. Methods
such as post-synthetic treatment with acids and bases, as well
as using isostructural mixed linkers, have also been explored to

increase the performance of MOF-5 and its derivatives©’.

c. HKUST-1

HKUST-1, made of copper nodes and connected by benzene-
1,3,5-tricarboxilate (BTC) ligands, is characterized by a large
surface area and porous structure, characteristic of efficient
MOF-based catalysts 68 Tts structure contains linked cages, one
of smaller diameter (3.5 ) and one larger (9 Y% The main appeal
of HKUST-1 stems from the benefits conveyed by post-synthetic
modification using amines. By heating the molecule at 200 C,
water is removed, leaving behind coordinatively unsaturated
sites (CUS)®Y, Amines, which have a high CO; capture yield,
are then attached to the CUSs. For instance, Zelenka and col-
leagues used ethylenediamine (en) and diethylenetriamine (deta)
to modify the catalyst®”. By introducing these amines at differ-
ent ratios relative to the core MOF structure, they determined
which amine loadings result in the greatest yields. At higher
MOF to amine ratios (1:2 for en, 1:1.15 for deta), the compound
shows signs of decomposing due to the alkaline-dense envi-

ronment®”. Further amine loading screens indicate that lower
MOF-to-amine ratios are favorable for increasing CO, capture®”.
With en, the highest yield of captured CO; is 22.31 wt.% (5.07
mmol/g), at a MOF to amine ratio of 1:0.1°%, With deta, the
MOF yields 33.09 wt.% of captured CO; (7.52 mmol/g), at
1:0.05%. Increasing the ligand size in a HKUST-1 with a copper
center shows a decrease in copper density’?. While this lowers
the MOF’s conductivity, it contributes to greater versatility in

gas storage ™!,

Table 5 Comparison of MOFs’ Lifetime and Cost.

Lifetime Cost
MOF-808 | Lasts over 80 vacuum swing | ~$866 per kilo-
adsorption cycles®? gramZ!
MOF-5 Lasts over 50 adsorption- | ~$530 per kilo-
desorption cycles’> gram™? (78.6% of
the cost is the sol-
vent)
HKUST- | Lasts over 10 adsorption- | ~$70 per gram'?
1 desorption cycles’*

This overview provides a comparison of MOFs’ cost and
lifetime in addition to their reactivity and efficiencies presented
earlier.

Challenges and limitations

While inorganic catalysts provide hope in making CCUS more
sustainable and viable, the scalability of both the CCUS pro-
cesses and catalysts remain a large issue. High costs, material
scarcity, and threats to the environment stunt the field from
growing into an industry-scale process.

Catalysts can be used to make these processes faster, but also
suffer from largely the same limitations as conventional methods
of CCUS. For example, while Re- and Ru-based photocatalysts
have powerful reduction capabilities, they often require expen-
sive and scarce metal precursors (0.7 and 1 ppb in the crust of
the earth, respectively)”®. The scarcity and cost of materials
make them hard to bring into an industry scale. Using photo-
catalysts also comes with dangers. [Ru(bpy)(CO)Cl], contain
and release CO, which is highly toxic and hence dangerous to
scale up. Furthermore, photocatalysts typically use organic sol-
vents such as DMF, which can only be disposed through storage
or burning. While this is passable in a laboratory setting, it’s
another factor to consider in scaling up catalysts.

CCUS is a great step towards cutting down on carbon-
emissions, however, as seen by the review, these processes and
catalysts typically have a high energy cost, potentially making
it less sustainable. Without advancements in catalyst efficiency
and renewable energy sources, this process may leave harmful
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footprints behind its intended purpose of cleaning the environ-
ment.

Conclusion

Within CCUS, inorganic catalysts may be a potential solution
due to their outstanding efficiency and properties. Three cate-
gories of these catalysts have been explored in recent research
efforts and are highlighted in this review: metal oxides, photo-
catalysts, and MOFs.

Metal oxides, including magnesium, calcium, zinc, nickel,
and titanium oxides, are highlighted for their strong adsorption
capabilities and reactivity with CO,. However, some suffer from
deactivation and sintering, requiring extra supports to fully uti-
lize their properties. Furthermore, photocatalysts, such as Re(I),
(GO) — TiOy — Ag>0, and Ru(bpy)3™, all exhibit highly ver-
satile reactivity alongside their standout ability to utilize solar
power. More development and optimization of their proper-
ties may modify these catalysts to be more efficient in CCUS.
Finally, MOFs, including MOF-808, MOF-5, and HKUST-1,
demonstrate excellent modularity and structural efficiency for
CCUS. However, they are currently hampered in their high cost
and inability to withstand certain reaction conditions.

This technology is still in its early stages of development and
requires efficiency, cost, and scalability development. These
critical factors must be addressed before the employment of
inorganic catalysts in CCUS becomes more widespread. Strides
are being taken outside of CCUS to help approach the net zero
emissions goal (NZE) by 2050, including growth in sales of elec-
tric vehicles and promotion of energy efficiency’’. However,
most of these goals are currently behind target benchmarks and
require more intensive efforts to achieve widespread adoption.
CCU is one such goal, indicating a call for greater urgency of
implementation if the NZE goal is to be achieved. Projections
indicate that a successful integration of CCUS technologies may
mitigate up to 25.4% of total carbon emissions?. Increasing
efforts are being invested in the development of these CCUS
technologies, and there is hope that CCUS will enable a signifi-
cant and positive change to how our global society is powered.
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