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ABSTRACT: CO, emissions are too large to tackle with a single process, but a

combination of avoidance with chemical utilization may be able to slow global
warming. In this Focus Review, we identify two large-scale CO, conversion processes
based on their viability and opposite energy requirements. In the high-energy,
stationary path, CO, reforming of methane could provide gigatons of CO, utilization
through synthesis gas. The main problem is the lack of a durable, effective, low-cost
dry reforming catalyst. The exothermic cyclic carbonate formation from CO, and
organic epoxides offers a low-energy, mobile, nonredox route. The catalysts, however,
must be metal-free and robust, have a high surface area, and be low-cost while being
easily scalable. These two processes could potentially address at least a quarter of all

current CO, emissions.

global challenges in the twenty-first century. Climate
change is primarily driven by the combustion of fossil
fuels because carbon dioxide (CO,) is commonly identified as
the main greenhouse gas.l Indeed, CO, emissions increased
from an average rate of 1.72% (1970—2000) to 2.75% (2010—
2014) per year, and if the emissions proceed with business as
usual, they will overshoot the six-degree scenario (6DS) of
global warming by 2050.” It appears necessary to control CO,
emissions by both averting them as much as possible and
removing CO, from point sources and the atmosphere.” In fact,
capture of CO, from dilute sources is identified as one of the
seven challenging chemical separations to change the world.*
The United Nations’ (UN) Sustainable Development Goals
(SDGs) include 4 out of 17 that are directly related to CO,
emissions and uncontrolled use of fossil fuels: climate action
(#13), affordable and clean energy (#7), responsible con-
sumption and production (#12), and sustainable cities and
communities (#11).°
CO, fixation into stable molecules (a.k.a., CO, utilization)
coupled with switching energy sources to renewables or nuclear
may be the best solution for tackling excess emissions and
climate change. However, in the best scenario of current
industrial reuse of CO,, we would be taking out only up to 300
million tons/year (Mt/yr) CO, through fixation, although the
amount is constantly increasing.°”” Considering the unwanted
emissions are over 42 gigatons/year (Gt/yr),'”"" the CO,

C limate change and energy sustainability are the leading
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market is not large enough to make a meaningful impact. In
addition, there are only a few industries where direct reuse of
CO, is profitable. For example, 6 Mt is currently used as process
gas, around 11 Mt for food and beverage industries, and 25 Mt
for enhanced oil/gas recovery (EOR and EGR)."” As a more
appealing strategy, conversion of CO, into useful commodities
such as fuels, plastics, and fine chemicals could provide a much
needed economic incentive for CO, fixation and increase the
CO, market size substantially."”” Carbon dioxide utilization
(CDU) will enhance carbon cycling and “close to zero
emissions” may, in principle, be possible by converting spent
carbon to working carbon."*

CO, requires significant thermal input to be converted
because its formation enthalpy is exceptionally high (AH =
—394kJ/mol) and contains the highest oxidation state of carbon
(+4), but there are a number of industrial chemical processes
that require its utilization.'> Urea synthesis is the most
voluminous among those (150 Mt/y) (Table 1)'* and already
uses 112 Mt of exhaust CO, emissions that is generated in
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Table 1. Examples of Redox and Nonredox Processes for CO,
Utilization

Process Reaction Production
CO, + 2H* + 2e e > CO +H,0
9.7 Mtly
» CO, + 4H* + 4e ——r HCHO + H,0
o
T
@
CO, + 6H* + 6 ———  CHyOH+H,0 100 Mtly
CO, + 8H* + 8e -~ - CH, + 2H,0
X
CO, + NH S 150 Mt/
2 ® HoN” NH;, v
X
x 0
S co, + R/A Em— 0" o 0.8 Mtly
(3
¥ R
c o)
S CO, + MeOH —_ 10 Mty
HsCO™ “OCH3
° (I
co, + R 4 Mt
e A Aol y
Commercialized ===+ Proposed

ammonia production.'® Similarly, we should be finding new
processes where waste CO, could be used. Methanol production
(100 Mt/yr) and cyclic/poly carbonates (>10 Mt/yr) have great
potential, although very little of the needed CO, comes from
emissions.'® It is imperative that nonredox CO, fixation should
use reclaimed CO, rather than synthetic sources, thus making
contributions to lowering CO, emissions. However, the redox
processes that could use CO, (Table 1) conventionally prefer
the synthesis gas (syngas), as the hydrogen for reduction would
have to come from the hydrocarbon reforming processes
anyway. Direct CO, hydrogenation is another promising route
to reclaim CO, into valuable feedstocks. We refer readers to the
extensive literature on the advantages and challenges of such a

path for further reading.'”

Reforming is, in fact, useful in curbing greenhouse gas (GHG)
emissions by also removing gaseous hydrocarbons, primarily
methane (also a 21-times more potent GHG), if applied
downstream to the feeds like flare gas.'® Industry prefers steam
reforming of methane (SRM, CH, + H,0 2 CO + 3H,,
AHys°= 206 kJ'mol™") for syngas production, a reaction
where water is heated with methane in the presence of
catalysts."” The process is endothermic and produces hydro-
gen-rich syngas (H,/CO = 3), which in turn makes the overall
process energy intensive (requires 25.5% of the energy value of
methane).”* Catalytic dehydrogenation of hydrocarbons at high
temperature leads to the deactivation of catalysts by coke
formation, and the presence of steam brings corrosion issues; all
of these considerations demand costly investment. Still, SRM is
the common practice with a mature technology. An alternative is
the dry reforming of methane (DRM, CH, + CO, 2 2CO +
2H,, AH,4°= 247 kJ-mol™"), where CO, provides the oxygens
for reforming the hydrocarbons. DRM produces syngas with an
H,/CO ratio (<1) that could find direct use in chemical
synthesis, at times with the addition of supplementary hydrogen
(preferably from renewable sources), and would normally be
more attractive considering the use of two greenhouse gases at
once to produce commodities. However, it is energetically more
demanding (20% more endothermic than SRM), and a coke-
and sintering-resistant catalyst has yet to be developed. Apart
from these challenges, the DRM process operates at lower cost”'
and produces higher-purity syngas than the other reforming
reactions.”””?

In this Focus Review, we aim to explore the two most
promising methods of CO, utilization: (1) dry reforming for
redox CO, fixation and (2) cyclic carbonates for nonredox CO,
use. Dry reforming could potentially remove several gigatons of
CO, every year if hydrogen production was switched from steam
reforming. If fuel production was from the syngas provided by
dry reforming, then the gains would be far greater. For low-
energy intensive utilization, cyclic carbonates are feasible in
terms of high-volume conversions. Electrocatalytic conversions
are also noteworthy, but they are reviewed in detail elsewhere.”*
In DRM, we highlight nickel-based non-noble inorganic
catalysts for sustainability, whereas we focus on metal-free
catalysts in cyclic carbonate formation. The two different paths
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Figure 1. Dry reforming of methane (DRM) and associated reactions. Thermodynamic equilibrium plots for DRM (a) and assuming coke
formation occurs (b).”>*° High reaction temperatures are commonly employed to promote the endothermic conversion and also to avoid
reverse water gas shift reaction. Reproduced with permission from ref 23. Copyright 2014 Royal Society of Chemistry.
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Figure 2. Commonly accepted mechanism for the dry reforming reaction between CH, and CO, using a bifunctional catalyst (adapted from
Aramouni et al.>°). Methane scission proceeds over the metal catalyst (a), and an H, molecule leaves while CO, disassociates into CO and
oxygen atom (b). The reactive oxygen atom combines with the left-over carbon from CH, scission to produce CO (c), and the remaining

hydrogen atoms recombine to make another molecule of H, (d).

Table 2. Activity of Ni/MgO Catalysts in Dry Reforming of Methane

H,/
active  other other temy duration CcO
metal metals support  supports conversion (°c (hours) deactivation WHSV ratio ref
Ni MgO  CeO, CH,: 45% 700 20 n.a CH,:CO, =2:1 na. 52
CO,: na. 12000 mL-g_,, "t h™*
Ni MgO CH,: 95% 750 200 CH,: 94.8% — 94.4% 70000 mL~gm_1 h! 0.98 53
CO,: 97% CO,: 97.0% — 96.1% CH,:CO,:He= 1:1:12
Ni Pd  MgO CH,: 97% 750 200 CH,: 96.8% — 96.7% 70000 mL-g.,.~' h™! 099 3
CO,: 96% CO,: 96.2% — 95.8% CH,:CO,:He=1:1:12
Ni Co MgO  ALO; CH,: 792% 800 8 qualitative detection of carbon by TPO 12000 mL-g.,, ' h™* 090 54
CO,: 84.8%
Ni MgO ZrO CH,: 86% 900 50 1.5 wt % coke 15000 mL-g ..~ h™" 1.25 55
CO,: 98%
Ni MgO  ALO; CH,: 75% 700 12 qualitative detection of carbon by TPO 18000 mL-g, ' h™' 0.92 56
and SEM
CO,: 80%
Ni MgO  ALO; CH,: 80% 800 270 0.52 Mg o '8ea " h7 5000 mL-g.,, " h™! 0.85 57
FeCrAl-
fiber
CO,: 85%
Ni MgO CH,: 63.7% 850 23 CH,: 42.16% 168000 mL-g,,'h™ 0.6 58
CO,: 70.2% cgz:_zlts.glo% (in 2.3 h) 350 mg,ye-
cat
Ni MgO  SiO, CH,: 89% 700 S0 21.1% coke in TGA; filamentous carbon 18000 mL-g_,, " h™* n.a 59
on SEM
CO,: 92%
Ni MgO CH,: 55% 700 S0 qualitative TPO; filamentous carbonon 18000 mL-g.,, ' h™* na 60
SEM
CO,: 70%
Ni MgO CH,: 70% 760 100 CH, and CO, conversion decreased by = 20000 mL-g.,, ' h™* 0.9 61
15% and 25%, respectively
CO,: 85% 0.325 mg,ge'ge - h7!
Ni Co MgO CH,: 75% 760 100 0.361 mg e "7 20000 mL-g_,, ' h™* 0.9 61
CO,: 90%
Ni Mo MgO CH,: 98% 800 850 no deactivation 60000 mL-g_,, " h™* 1.0 62
CO,: 99% CH,:CO,:He= 1:1:8

converge in the promise of providing exceptional methods in

reclaiming the CO, emitted from fossil fuel-powered industries

while providing the breadth of chemical products one can

realize.

High-Energy, Redox Process: Dry Reforming of Methane with
CO,. Dry reforming of methane (DRM) has been studied
extensively, as early as 1928 by Fischer and Tropsch®® using a

combination of nickel and cobalt catalysts. In 1949, Reitmeier et

1691 https://dx.doi.org/10.1021/acsenergylett.0c00406
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al.”’” quantified the deactivation problem by studying the relation
between reactant composition and coke deposition. Since then,
considerable interest has been devoted to developing a catalyst
for the DRM reaction and addressing the deactivation issues. To
achieve high yield of syngas and prevent reverse water gas shift
reaction, DRM requires high temperatures such as 900 °C. At
these temperatures, most of the metal catalysts are prone to
deactivation due to sintering and coke deposition (Figure 1).**
Thus, the main criteria for a catalyst to be efficient in the DRM
reaction are thermal stability and deactivation resistance.”’
Overall, the choice of catalyst and reaction conditions primarily
governs the formation of syngas and the underlying mecha-
nism.”* The performance of a heterogeneous catalyst is directly
related to the combination of the active metal and support. In
general, for any material to be a good catalyst for the DRM
reaction, it should possess a bifunctional nature (Figure 2).

Active Metal Choice and Coke Formation. Generally, group
VIII, IX, and X metals are active in DRM, and in particular Ru,
Rh, and Pt are more resistant to coke formation than any other
transition metals.>' ~>* For noble metals, the virtues are being
highly active and coke resistant, except Pd which usually leads to
a carbon deposition of 4.9 mg_ /g h.’’ The order of noble
metal catalytic activity follows in the order of Rh > Ru > Ir > Pd >
Pt,>*3%7 where the superior activity of Rh, Ru, and Ir is
reasoned to be due to their high dispersion and small particle
size. Pd and Pt were relatively less active because of sintering at
high temperatures. The main challenge, however, is their
prohibitive costs and limited availability, which restrict their
practical use.”*™*' The leading features for a DRM process
catalyst to meet industrial specifications are being highly active,
resistant to coking, robust, and long-lasting and having minimal
synthetic steps from commercially available precursors.
Particularly, coke resistance is often overlooked.”> Considering
these parameters, a non-noble metal, nickel, emerged as a viable
choice for DRM reactions (Table 2). Despite the problem of
coke formation, nickel usually shows initial conversion rates that
are higher than those of Ru, Ir, Pd, and Pt.*° Therefore, the
current research direction in DRM has been and should be to
develop a coke-resistant nickel-based catalyst.

In order to explore the next-generation DRM catalysts, the
key element is to understand the complexity and limiting factors,
particularly the principle of coke formation on nickel-based
catalysts. Investigations on coke formation showed that methane
decomposition and carbon dioxide dissociation form the surface
carbon species, and they subsequently dissolve into the nickel
clusters to form nickel carbide.*” A close look at the interface of
coke formation on nickel catalysts indicates whisker (filamen-
tous) carbon, which generally occurs at higher temperatures and
is structure dependent in the order of aromatics > olefins >
branched alkanes.*” The deactivation of nickel catalyst,
therefore, is explained by the diffused carbon originating from
the various dissociation and decomposition reactions, which
soon nucleates around the nickel by creating whisker layers,
reaches the pores, and pushes the particles out of the catalyst
structure.”* Temperature gradients facilitate the coke formation,
which in turn alters the shape of the metal particle to a more
conical feature, ultimately leading to a deactivation by uprooting
the metal particles. It is also known that step edges on nickel
crystals are more prone to coke formation and deposition. The
coke formation generally increases as the feed ratio (CH,/CO,)
increases. Moreover, the size of the nickel particle plays a huge
role in coke deposition and thereby affects the catalytic
activity.*~*" To generate whisker carbon, a minimum diameter
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of about 7 nm is required.*** It was also observed that the

dispersion of nickel particles affects the rate of deactivation of
catalysts. For example, well-dispersed, aerogel nickel showed
continuous activity for 30 h, whereas others deactivated after an
hour.* 3!

Recycling CO, back to fuels requires
eight electrons per molecule with steep
activation barriers. Nonredox fixation
would be easier to implement in
remote or mobile applications but not
at large-scale markets and point sour-
ces, where redox is the ultimate
solution. A variety of paths need to be
explored for effective CO, sequestra-
tion.

Effect of Catalyst Support. DRM is known to follow a
bifunctional mechanism with four steps: (1) dissociative
adsorption of methane, (2) dissociative adsorption of CO,,
(3) hydroxyl group formation, and (4) oxidation of
intermediates and desorption (Figure 2).2%% A number of
catalyst supports were studied for DRM, including neutral (e.g.,
Si0,), acidic (e.g,, ALO;), and basic (e.g, MgO) supports.
Among those supports, neutral or acidic supports show slower
reaction rate and faster deactivation compared to basic supports
because of less availability of adsorbed CO,.%* In general, neutral
supports are found to be less active compared to acidic and basic
supports.”>®® In the case of acidic supports, the limitation of
CO, adsorption and accumulation of coke that blocks the active
metal sites seem to hinder their applicability.”” On the other
hand, basic supports increase the rate of dissociative adsorption
of CO,, which improves the coke formation by faster_%asiﬁcation
of carbon species in comparison to acidic supports.™

The nature and activity of the catalyst support strongly
depends on the type of active metal used.®” Basic MgO is widely
studied as a support for nickel-based DRM reactions.”® The
main function of the support is to enhance the DRM reaction by
suppressing the unwanted side reactions such as the Boudouard
reaction (2CO 2 C + CO,, AH,,® = —172 kJ'mol™!) or
excessive methane decomposition (CH, 2 C + 2H,, AH,4°=
75 kJ-mol™"). The advantages of using MgO as a support for
DRM reaction include enhanced CO, adsorption due to its
Lewis basicity; faster gasification of carbonaceous species; and
interestingly, the similar ionic radii of Mg and Ni, which lead to
the formation of NiO—MgO solid solution at any molar
ratio.”””° The solid solution has significant influence over the
size and formation of Ni(0) particles. However, the formation of
solid solution strongly depends on the preparation method, such
as calcination temperature and loading of nickel.”" For example,
a NiO—MgO catalyst with varied NiO content was synthesized
by the sol—gel method exhibited mesoporous framework, and
the nanosized Ni particles showed good coke resistance for
DRM reaction.”” However, the catalyst stability test in terms of
methane and carbon dioxide conversion clearly revealed that
higher Ni content suffered more degradation upon coke
formation.”” Also, mixed metal oxides with a well-balanced
composition of Ce, Mg, and alumina assisted in achieving nickel
particles with average diameter less than S nm, and this
composite catalyst was found to be efficient (99% conversion of

https://dx.doi.org/10.1021/acsenergylett.0c00406
ACS Energy Lett. 2020, 5, 1689—1700


http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c00406?ref=pdf

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Focus Review

both CO, and CH,).”” It was confirmed that the enhanced
activity is due to the presence of magnesium on the surface of
alumina that enhances the CO, conversion, while ceria
suppresses the coke formation and results in enhanced CH,
reactivity.”* In cases where MgO was used to modify other
supports such as alumina and zirconia, MgO was identified for its
influence in enhancing the metal dispersion, catalytic activity,
stability, and anticoking capability.”>~"” Despite the excellent
supportive role, it was found in some cases that even >20 mol %
of MgO had no pronounced effect on the suppression of coke
formation.”® Clearly, the numerous efforts in support
optimization have not yet led to a phenomenal catalyst system,
and there is considerable need for finding the right balance in
active catalyst and support interactions.

Effect of Promoters. The high-temperature DRM reaction
favors coke deposition on the active catalyst; however,
incorporation of promoters (low-quantity additives) may
prove effective in increasing the lifetime of the catalysts by
reducing the coke deposition. The catalytic promoters could
alter the surface structure, improve the dispersion of active
metals over the support, and inhibit the coke formation through
redox control over the heterogeneous system. Alkali and alkaline
earth metals were commonly investigated as promoters for the
DRM where nickel is the active metal.””~®' These promoters not
only facilitate the interactions with carbon dioxide but also block
the step sites and significantly decrease the nucleation site for
coke formation.** Potassium is found to be an active promoter
within a Ca/Ni catalytic system (Ca/Ni/K is in the ratio of
2:1:0.1) and showed no deactivation for nearly 360 h.*> DFT
calculations suggested that the potassium binds to oxygen along
the step edges (—K—O—K—O-) and becomes more stable than
when on the surface,"* effectively preventing the coke formation.
This assembly will work as long as the promoters are sufficiently
available at the step edges. In this context, the noble metal
promoters tend to segregate to the step sites and eliminate the
ability of neighboring sites for the coke deposition. For example,
Ag promotes the gasification of coke formed by altering the
recalcitrant whisker to amenable amorphous carbon species®” in
a silver-promoted Ni/CeO, catalyst. In a different mechanism,
promoters like V,04 enhance the catalytic activity of Rh/SiO,
nearly 20-fold.”>** This is due to a VOx layer formation, which
breaks down the larger Rh particles and increases the dispersion
of active metal sites for the activation of CH,. Apart from these,
bimetallic catalysts have also been investigated to prevent coke
formation and to overcome the economic and operational
limitations. In general, if the chemical potential of carbon is
higher than the promoter, then the latter will be displaced and
lead to coke formation. However, it is worth mentioning that the
impregnation procedure, ratio of promoter to active catalyst, and
poisoning effect should be taken into account to design an active
and robust catalyst for a successful DRM reaction. The difficulty
lies in controlling every parameter over a bulk structure, where
any modifications also impact the parameters that are held
constant. This is why serendipity is generally more common in
new catalyst discoveries, especially through high-throughput
experimentation.

DRM Catalyst Design Parameters. The lack of an industrially
feasible catalyst remains a challenge for DRM, and in the quest
for developing one, we highlight the following parameters for an
optimal design based on nickel:

(1) Homogeneous Dispersion of Nickel Particles. Well-
dispersed catalyst particles delay deactivation time, limit coke

formation, and prolong the stability and time on stream by
preventing interaction between nickel clusters.*>*°

(2) Size and Concentration of Metal Catalyst Particles. The
smaller the nickel particles, the better they are exposed to
reactants and are in good thermal contact throughout the
catalyst bed.*” Smaller particles also favor the initial activation of
methane, particularly in sizes smaller than 6 nm, and display
superior coke resistance.'® As the concentration of the metal
catalyst increases, solid solution of bimetallic species increases
and thereby the catalytic activity, although there is always an
optimal range.®”

(3) Support and Basicity of the Catalyst. DRM requires
effective CO, sorption, and therefore, basic supports will
significantly increase the adsorption of CO, for a steady
formation of CO.”> A basic support increases the oxygen
availability through CO, scission, assists in oxidation of surface
carbon, and thereby increases the catalyst resistance.”* ™"’

(4) High Surface Area of Catalyst. A high contact surface
area improves reaction rate and yields. Porous supports,
therefore, improve the dispersion of nickel metal; confine the
nickel particles inside the pores; prevent the inhibition of
diffusion; provide better coke resistance; and through their
micro- and macropores would produce a robust, active
catalyst.”"

(5) Bimetallic Catalysts and Promoters. Although pure
nickel catalysts are ideal, the presence of a small amount of
alloying metals increases the reducibility of nickel by hydrogen
spillover, prolongs the stability of the catalyst, and promotes
dissociative adsorption of H,.>>”*~"> Dopants and promoters
may improve catalyst performance tremendously if they block
coke formation pathways.

(6) Catalyst Preparation Methods. Synthesis methods of the
catalyst systems control the homogeneous dispersion and how
well the metal and support interact. Among the methods, sol—
gel was found to be better than coprecipitation and
impregnation methods.”” In the coprecipitation method, the
precipitating agents adversely affect the catalytic activity, and in
the impregnation method, sequential impregnation was
better.'®”® Advanced preparation methods such as atomic
layer deposition” and nonthermal plasma-treated catalyst
preparations allow size control (even below 3 nm) and highly
dispersed metal particles, leading to considerable contributions
in catalytic activity.

Recently, we have developed a new Ni—Mo—MgO-based
DRM catalyst (NiMoCat), which shows exceptional stability
and activity toward dry reforming of methane.®” The NiMoCat
exhibits all the parameters needed for an industrially feasible
catalyst. The nickel-molybdenum bimetallic nanoparticles are,
therefore, synthesized in the presence of single-crystal MgO
nanocubes through a polyol method. The as-synthesized catalyst
was further activated under carbon dioxide and methane, in
which we found that as-synthesized nickel-molybdenum
nanoparticles migrate to the high-energy sites and step edges
of single-crystal MgO above the Tammann temperature of
nickel (691 °C). As a result, NiMoCat features no coking from
the support or unassociated Ni—Mo nanoparticles. Because of
the general applicability of this approach, we named this
phenomenon the nanocatalysts on single crystal edges
(NOSCE) technique. We believe that this method could be
applied in other catalytic reactions with a myriad of possible
combinations of active metals and single crystal supports.

Low-Energy, Nonredox Process: Cyclic Carbonate Formation
from CO, and Epoxides. In contrast to the DRM reaction, cyclic

https://dx.doi.org/10.1021/acsenergylett.0c00406
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Dry reforming of methane could
provide scalable, redox CO, reclama-
tion but requires coke- and sintering-
resistant nickel catalysts. Ideally those
catalysts should feature homogeneity,
high surface area, nanoscale morphol-
ogies, and easy preparation.

carbonate formation is an exothermic reaction. It is also 100%
atom economical and frequently associated with wider
applications involving them as versatile synthetic intermediates,
aprotic polar solvents, precursors for biomedical applications,
raw materials for engineering plastics, and electrolytes in
batteries.”® For these reasons, cyclic carbonate synthesis has
slowly but steadily drawn attention and is expected to grow
significantly in the near future.””'” The main bottleneck,
however, is the fact that activation of CO, is challenging because
of its thermodynamic stability (AH® = —394 kJ mol™"), which
impedes its utility as a reagent.'*"'*” DFT studies calculated the
activation barrier to be between 50 and 70 kcal/mol. This barrier
can be best overcome by an appropriate catalytic system, and
consequently, a handful of catalysts have been developed.'”

In the industrial production of cyclic carbonates metal-free
catalysts are desirable. Apart from the economic reasons, metals
bring unwanted toxicity, contamination, and chemical sensitivity
(being prone to hydrolysis and oxidation), and their limited
availability raises the question of sustainability for the
production of cyclic carbonates.'”* Because of this, studies
focused on developing charged organic (quaternary ammonium
and phosphonium) catalytic systems as alternatives.'>'%®
These catalysts are synthesized by the reaction of tertiary amines
(or phosphines) with appropriate alkyl halides because of the
reactivity difference in halides (I” > Br~ > CI~ > F7).'"" Easy
exchange of anions allows employing suitable acid or alkali metal
salts.'”” Thus, the reactivity can be increased, but then the
complete removal of halide impurity is challenging.'"’
Regardless, they exhibited higher activity because of the
presence of nucleophilic counteranions." "’

Among the wide range of ionic, metal-free catalysts, 1,8-
diazabicyclo [S5.4.0]undec-7-enium chloride ([HDBU]CI)
showed excellent catalytic activity and resulted in propylene
carbonate in 97% yield using 10 bar of CO, at 140 °C.""* The
quaternary ammonium center in the catalyst was suspected to

stabilize the ring-opened epoxide (oxy anion species) leading to
higher activity (Figure 3).'"* Theoretical studies also confirm
the decrease in energy barrier associated with the activation of
epoxide by the quaternary ammonium centers.''"' "'
Although these catalysts are active, the additional need for
separation of catalyst and product purification make the process
industrially undesirable. More recently, Byun and Zhang
provided heterogeneous properties to imidazolium ionic liquids
by varying the length of the alkyl substituent on the imidazolium
ring.'"® Despite these efforts, immobilization of the active
catalysts is considered a feasible fail-safe strategy''® and
therefore received considerable attention. However, loss of
activity during recycling''” and the requirements of cocatalysts
and elevated pressure are known to be major drawbacks of these
systems.”&1 7

In an effort to move metallic catalysts into heterogeneous
systems, metal organic framework (MOF)-based catalysts were
designed and reported to have si§niﬁcant catalytic activity for
cycloaddition of epoxide to CO,.""* For example, postsynthetic
modified imidazole containing MOF with the coexistence of
basic/acidic sites acted as an efficient catalyst for the coupling of
CO, and epoxide at ambient pressures and was recyclable up to
six times without the need for a cocatalyst.'*” However, this
catalytic system showed very high conversion for only two
substrates, and challenging epoxides like styrene oxide, 1,2-
epoxy hexane, and others showed low conversion (range of 38—
77%) and selectivity (34—93%).

Nanoporous polymers incorporating N-heterocyclic carbenes
(NHCs) can also function as an efficient catalyst at atmospheric
pressure with excellent yields up to 98% for epichlorohydrin in
24 h (Figure 4a). The reaction proceeds via the formation of a
carbene-CO, adduct followed by the nucleophilic addition, and
intramolecular cyclization of alkoxide intermediate results in the
cyclic carbonate product.'”> However, the catalyst is efficient
only for aliphatic substrates, and also the synthesis of the catalyst
involves costly palladium catalysis with multiple steps.

Phosphonium-based porous ionic polymers (PIPs) also
exhibited excellent catalytic activity for cycloaddition of CO,
to epoxides (Figure 4b). Advantages included being metal- and
cocatalyst-free and effective under atmospheric CO, pressure
conditions. These catalysts also showed high yields of cyclic
carbonate product (87—93%) and recyclability for 10 times with
retention of activity.'”” PIPs feature many fitting parameters for
an effective cyclic carbonate formation catalyst, but their
synthesis involves costly air-sensitive Grignard reagents and
lengthy purifications.

LA LA 2 o
& cb‘péci o oA
- _— —_
AN 2
R ‘\-:LB R>_\EB R>_QEB o
co, + A o)J\o
R L8 LA LA o R>—/
I S~ A
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LA = Lewis acid

Figure 3. Two generally accepted mechanisms for the cyclic carbonate formation from CO, and epoxides."

1694

LB = Lewis base

21

https://dx.doi.org/10.1021/acsenergylett.0c00406
ACS Energy Lett. 2020, 5, 1689—1700


https://pubs.acs.org/doi/10.1021/acsenergylett.0c00406?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00406?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00406?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00406?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c00406?ref=pdf

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Focus Review

a)

N-heterocyclic
carbene NHCs

N
OH
_N_N_*
168

Pyridyl salicylimine
polymer

b)

+

X
R%,
)

S OO RO,

: -

Y

079~

Phosphonium PIPs

d)

N C
\
N+
H™ H
Ccr

Imidazolinium
polymer

Figure 4. Representative catalysts for cycloaddition of CO, to epoxides under ambient reaction conditions without the need for cocatalysts.
Imidazolinium polymer (d) so far presents the best conversion conditions and products, providing a new state-of-the-art.

We have shown that polymeric pyridyl salicylimines are
remarkably effective for both aliphatic and aromatic substrates at
near quantitative yields'>* (Figure 4c). Styrene oxide, for
example, was converted to styrene carbonate in 99% yield and
>99% selectivity without the need for a cocatalyst, metal or
solvent, and the reaction proceeded under atmospheric pressure
of CO,. Although these are promising developments, it is clear
that there is still plenty of room for developing better and
sustainable catalytic systems for cyclic carbonate formation.

Cyclic carbonates offer widespread use
of CO, without redox processes. Cur-
rent catalysts fall short of being free of
metals, cocatalysts, high pressures, or
temperatures. A bifunctional Lewis
acid/base heterogeneous catalyst is
needed.

Cyclic Carbonate Formation Catalyst Selection Parameters. In
the light of the above considerations, we highlight the following
parameters in selecting the optimal catalyst design and activity:

(1) Coexisting Lewis Acid and Basic Sites. A promising CO,
cycloaddition catalyst has to do both activation of epoxides and
CO, capture. This can best be achieved by the combination of
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Lewis acid and basic sites. For a successful, sustainable,
industrial-scale utilization, well-defined bifunctional catalysts
are desired and should synergistically activate both the reactants
under mild conditions. They should also be chemically robust,
highly compatible with each other and the reactants, and
thermally stable under a wide range of conditions.'*®

(2) Heterogeneity, Recyclability, and Contamination-Free.
To prevent problems such as product—catalyst separation, active
metal leaching, and the subsequent contamination in the final
product, metal-free heterogeneous catalysts offer better
cyclability and product purity while preserving feasible TON
and TOFs.

(3) High Surface Area. Introduction of porosity in a
bifunctional catalytic material helps in amplifying the CO,
uptake capacity and thus accelerates the substrate—active site
interactions. High surface area is beneficial for the energy and
mass transfer during the reactions.'”’ The selectivity of the
desired product can also be tuned by the pore openings through
sieving, and by the structural properties like grain boundaries,
which depend on the judicious construction of building blocks
and deliberate synthetic strategies.'*°

(4) Avoidance of Cocatalyst, Pressure, and Temperature.
Most of the Lewis acid catalytic systems require cocatalysts,
mostly ammonium salts, to couple CO, into the formed oxy
intermediates.'”” Cocatalysts are usually used more than the
catalytic amounts and under elevated reaction conditions (>100
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°C and § bar CO, pressure). Single-catalyst, ambient pressure,
and low-temperature reactions are needed for widespread
industrial implementation.

(5) Metal-Free Catalysts. Among the elements in the
periodic table, only six metals are classified as abundant,'**"**
which clearly indicates the necessity of developing metal-free
catalysts for a sustainable future. In addition, metal leaching and
product separation issues hinder their viability. To replace the
metals, organic quaternary nitrogen systems, hydrogen bond
donors (HBDs), N-donor bases, and phosphonium salts can be
used which also can remarkably facilitate reducing the energy
barrier associated with the activation of reactants which was
confirmed by both theoretical and experimental re-
sults, 107,109,129

(6) Scope of Substrates. Varying the electronic and steric
nature of the substrates may change the properties and
applications of the cyclic carbonate products for their wide-
spread use. Thus, to access the synthetically useful cyclic
carbonate products, the catalyst should be outright superior and
efficient to convert even unconventional substrates.

(7) Cost and Scalability. All CO, conversion processes need
to be in the scale of at least millions of tons to make an impact for
climate change reversal. The cost and scalability must be
plausible if a new process is offered. Therefore, the catalysts are
expected to be abundantly available, cost-effective, and easily
synthesized.

Very recently, we developed an environmentally benign,
metal-free (not even during the synthesis!), commercially
attractive, robust, heterogeneous imidazolinium catalyst130
that possesses 6 out of 7 of the above-mentioned qualities for
an ideal design of optimum catalyst (Figure 4d). The
imidazolinium structure produced through a one-pot reaction
of terephthaldehyde and ammonium chloride features the
coexistence of a quaternary and a basic amine functionalities.
Complete investigations using in-depth physicochemical
characterizations led us to confirm the unexpected imidazoli-
nium construct that turned out to be a promising catalyst that
does not require any cocatalyst, solvent, or high CO, pressure.
The catalytic performance was tested for the conversion of
simple to extremely challenging epoxides, and good to excellent
activity was found. The density functional theory calculations
suggested nucleophilic attack-driven epoxide ring-opening
reactions (ND-ERO) and calculated the energy requirements
for the catalytic reaction. It is remarked that'*" a noncrystalline
solid structure with low porosity showed an outstanding
catalytic activity with retention of its activity over 15 cycles
and potential for its rapid implementation for CO, reclamation
studies.

Outlook. Although many CO, utilization processes exist, the
sheer scale of emissions dictate reclamation on the scale of
megatons, and unfortunately, there are only a handful of
processes that can make a credible impact. Injecting CO, back
into the fuel production cycles for a “circular carbon economy” is
amust in the interim, and dry reforming has a unique position to
achieve such a foothold. Catalyst designs are not yet sufficiently
mature to realize this, but recent research is very promising.
Similarly, low-energy processes are needed to address low-cost
CO, recycling. Cyclic carbonates from CO, is a powerful
reaction, despite the lack of highly efficient but sustainable
heterogeneous catalysts. We envision that intensive research
could bring out these viable solutions for reclaiming the
greenhouse gas emissions. If CO, avoidance is coupled with
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postemissions processing, we may be able to slow global
warming before it is too late.
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