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ABSTRACT: Carbon capture and utilization or sequestration (CCUS) from industrial point sources and direct air capture
(DAC) are likely necessary to combat global climate change. Reducing the costs of CCUS and DAC requires next-generation
sorbents capable of reversible COz capture under realistic conditions. A particular challenge faced by amine-based sorbents—
the current leading technology for carbon capture—is poor stability towards Oz, which is present in high partial pressures in
most emission streams of interest as well as in air. Sorbents containing oxygen-based nucleophiles, such as hydroxide (OH-),
can reversibly react with CO2 to form (bi)carbonate (HCO3-) species and should display improved oxidative stabilities com-
pared to amine-based materials. Here, we provide gas sorption, spectroscopic, and computational studies supporting that CO2
chemisorption in y-cylodextrin-based metal-organic frameworks (CD-MOFs) occurs via HCO3~ formation at nucleophilic OH-
sites within the framework pores, rather than via previously proposed pathways involving carbonic acid or alkyl carbonate
formation. Of the CD-MOFs studied herein, the new framework KHCO3 CD-MOF possesses rapid and high-capacity COz uptake,
good thermal, oxidative, and cycling stabilities compared to previously reported materials, and selective COz capture under
mixed gas conditions in dynamic breakthrough experiments. Because of its low cost and performance under realistic condi-
tions, KHCO3 CD-MOF is a promising new platform for CCUS. More broadly, our work demonstrates that the encapsulation of
reactive OH- sites within a porous framework represents a potentially general strategy for the design of oxidation-resistant

adsorbents for carbon dioxide capture.

INTRODUCTION

Global climate change resulting from the anthropogenic re-
lease of greenhouse gases is one of the biggest challenges
facing humankind.! Carbon dioxide generated as a byprod-
uct of industrial processes accounts for approximately two-
thirds of greenhouse gas emissions each year.!? Limiting
the rise in average global temperature necessitates carbon
capture and utilization or sequestration (CCUS) from indus-
trial point sources.? Although CCUS from coal-fired power
plants—the current largest source of anthropogenic CO:
emissions—has received significant attention, other cur-
rently unavoidable point sources such natural gas-fired
combined cycle (NGCC) power plants, cement manufactur-
ing, and steel production, are increasingly contributing to
anthropogenic CO2 emissions each year.4-7 Direct air cap-
ture (DAC) of CO2z to achieve net-negative emissions will
likely be needed to reach climate targets as well.8° Unfortu-
nately, the current costs of CCUS and DAC technologies are
likely untenable without significant subsidies.®1® Reducing
the costs of these technologies to viable levels requires the
development of next-generation sorbents capable of re-
versible CO2 capture with high CO: capacities, fast kinetics,
low regeneration energies, and excellent long-term stabili-
ties.

Beyond the criteria outlined above, an important yet often
overlooked consideration for new carbon capture sorbents
is their robustness towards other reactive components in

target gas streams, such as 02.45 Indeed, Oz is one of the ma-
jor components of coal flue gas (4%), NGCC plant emissions
(12%), cement kiln off-gas (8%), and air (21%).* Although
aqueous amine scrubbers, the current best-in-class technol-
ogies for CCUS, demonstrate highly selective COz capture,!!
they suffer from significant oxidative degradation upon cy-
cling.12-15 Additionally, amines are highly corrosive, leading
to large regeneration costs and low CO2z capacities due to
their necessary dilution with large volumes of water, ionic
liquids, or organic solvents.'®17 The latter challenges can po-
tentially be overcome by grafting amines to porous solid
supports,* such as zeolites,!® silicas,’® and metal-organic
frameworks (MOFs),20-22 but these materials still frequently
suffer from oxidative degradation of the electron-rich
amine moieties.?3-30 Oxidative degradation is one of the
main challenges currently facing electrochemical CO: cap-
ture as well.3! Therefore, overcoming the limitations of cur-
rent sorbents requires the development of new COz capture
chemistries employing nucleophiles with superior oxida-
tive stabilities compared to amines.32

Oxygen-based nucleophiles, such as alcohols and oxide, hy-
droxide, and alkoxide salts, can reversibly react with CO: to
form (bi)carbonate species and should display improved
oxidative stabilities compared to amines due to the higher
electronegativity of oxygen.163? Indeed, aqueous solutions
of hydroxide salts such as KOH are one of the leading tech-
nologies for DAC.8° However, aqueous hydroxide scrubbers
suffer from large regeneration energy costs due to the high



a b OH
HO o
OH OHO i
OH
oMo O OH
Q" LOH HO,
HO 0
OH OoH
o)
oH OH
o - OH
s oH7 0
HO OH OH,0
o
i OH
cl 5 j [ 0 g
M+ OH -OH
OH HO=+"N, o’lL HO==M”
®) P (o)
+o o oH 07 -CO, 4 oo T
Ho=. ..OH “ Ho S OH O'ho
R HOT, .
M _ “M*
[ OH 1z | -OH Ja
d M ~OH
OH HO=""%
0 o) +CO,

.M+'
L oH Ja
el -
, “OH
OH HiG =g
O ‘O
//
ol 0
Tho= oH Ho on
~.M+
" an Ja

+C02

0
_O)J\OH
- HOM
O O
‘GO, < o
to=>” .oH Ho on
.M+
L. -OH 4

Figure 1. a) Space-filling model of the unit cell of Kz2(OH)2(y-CD) or CD-MOF-1, referred to herein as KOH CD-MOF for consistency,
which is composed of y-cyclodextrin (y-CD) units linked by K* cations with charge-balancing OH- anions in the pores. The OH- anions
cannot be resolved crystallographically. b) Structure of y-CD. c) Proposed CO2 chemisorption pathway involving carbonic acid for-
mation at the primary alcohols of the D-glucopyranose units. d) Proposed CO2 chemisorption pathway involving alkyl carbonate
formation at the primary alcohols of the D-glucopyranose unit, with the concomitant generation of Hz0. e) Proposed CO2z chemisorp-
tion involving (bi)carbonate formation at charge-balancing OH- sites.

temperatures required to desorb CO: from carbonate salts
(e.g- 900 °C for regeneration of CaC03).%3334 Additionally,
metal oxide and hydroxide salts suffer from sluggish reac-
tivity towards COz2 in the solid state.353¢ In contrast to the
wide study of amine-functionalized porous solids for CO:
capture, hydroxide- and alkoxide-functionalized porous sol-
ids remain remarkably understudied.3? This may be due in
part to the generally poor stability of traditional solid sup-
ports such as mesoporous silicas3” and MOFs3839 towards

OH-. Nonetheless, previous studies have shown that robust
azolate MOFs bearing terminal M-OH (M = Zn, Nj, Co) sites
can undergo selective and reversible reaction with COz to
form metal-bound bicarbonates, akin to the enzyme car-
bonic anhydrase.*0-4* Similarly, OH--rich anion exchange
resins have been shown to undergo selective COz capture
from air via bicarbonate formation.*> These promising re-
sults suggest that porous solids functionalized with oxygen-
based nucleophiles merit further study as an alternative to



amine-functionalized materials for COz capture from O:-
containing streams.

An intriguing early example of CO2 chemisorption in a po-
rous solid lacking amines involves cyclodextrin-based
MOFs (CD-MOFs, Figure 1a).#6-5* These frameworks are
composed of y-cyclodextrins (y-CDs), cyclic oligosaccha-
rides that are mass-produced enzymatically from starch
(Figure 1b), linked by alkali metal cations into porous cubic
or hexagonal frameworks with charge-balancing anions in
the pores.5* Intriguingly, the cubic structures Kz(OH)z(y-
CD), also known as CD-MOF-1 and referred to herein as KOH
CD-MOF, and Rb2(OH)2(y-CD), also known as CD-MOF-2 and
referred to herein as RbOH CD-MOF, were previously
shown to strongly chemisorb CO-, but the exact pathway re-
mains unclear.51-5¢ Three potential mechanisms for CO:
chemisorption in these materials can be envisioned: car-
bonic acid formation involving the primary alcohols of the
D-glucopyranose units (Figure 1c), alkyl carbonate for-
mation involving the primary alcohols of the D-glucopyra-
nose units and charge-balancing OH- sites (Figure 1d), and
bicarbonate formation via the charge-balancing OH- sites
within the framework pores (Figure 1e). The first mecha-
nism (Figure 1c) is favored by scattered experimental re-
sults,5253 while the second (Figure 1d) has recently been
supported in computational studies.>> We hypothesize that
alkyl carbonate formation at the D-glucopyranose units
(Figure 1d) is unlikely due to the general need for counter-
cations derived from organic superbases (e.g. guanidinium)
to stabilize alkyl carbonates through H-bonding interac-
tions.5¢ In addition, this pathway would likely be poorly re-
versible due to the concomitant formation of free Hz0, akin
to the irreversibility of dehydrative urea formation in
amine-functionalized silicas.5” Nonetheless, elucidating the
mechanism of COz capture in these and related materials
would pave the way for the design of next-generation po-
rous materials bearing nucleophilic oxygen sites for CCUS
and DAC.

Herein, we provide gas sorption, spectroscopic, and theo-
retical evidence supporting that CO2 chemisorption in both
known and new CD-MOFs occurs via HCO3~ formation at nu-
cleophilic OH- sites within the framework pores (Figure 1e).
In particular, we demonstrate that chemisorption only oc-
curs in frameworks prepared using nucleophilic coun-
teranions (OH-, HCOs-, COs2-), and not in frameworks con-
taining non-basic and non-nucleophilic counteranions
(OAc-, OBz, CI). Among the CD-MOFs studied herein, the
new and inexpensive framework KHCOs CD-MOF prepared
under solvothermal conditions possesses high COz capaci-
ties in both volumetric (2.78 mmol/g, 1 bar CO2, 30 °C) and
isobaric (2.09 mmol/g, 1 bar COz, 30 °C) measurements.
Critically, this material also displays excellent thermal and
cycling stabilities compared to all other CD-MOFs, along
with selective CO2 capture under mixed gas conditions in
dynamic breakthrough experiments using simulated coal
flue gas (15% COz in N2, 40 °C). Promisingly, KHCO3 CD-MOF
also retains its CO2 capacity after exposure to flowing air for
extended periods of time at 40 °C. Owing to its low cost and
promising performance, KHCO3 CD-MOF is a potential new
platform for carbon capture applications. More broadly, this
work demonstrates that the local environment of OH- sites

can be tuned in the solid state to produce oxidatively stable
materials capable of reversibly binding CO.

RESULTS AND DISCUSSION

Counteranion effects on COz capture. To elucidate the
pathway for CO2 chemisorption in CD-MOFs, we first evalu-
ated the effect of changing the charge-balancing counterani-
ons on COz adsorption in these materials. If the adsorption
pathway involves the OH- sites (Figures 1d-e), then chang-
ing the counteranion should have a large effect on the ability
of the MOFs to strongly bind CO2. On the other hand, if the
adsorption pathway involves carbonic acid formation at the
primary alcohols of the D-glucopyranose units (Figure 1c),
then changing the counteranion should not significantly im-
pact COz adsorption. Previous studies have examined the
role of the counteranion in CD-MOFs by preparing frame-
works using F- salts,>3 but frameworks prepared using basic
F- salts in water could still contain residual OH- sites. As
such, we elected to prepare K-based CD-MOFs using both
nucleophilic (OH-, HCO3-, CO3%-) and non-basic and non-nu-
cleophilic (OAc-, CI, OBz") counteranions from the corre-
sponding K salts (see Supporting Information or SI Section
2 for details).58 Initially, we hypothesized that frameworks
prepared from (bi)carbonate salts should release CO2 upon
activation to reveal reactive OH- sites.#0-42 For consistency,
frameworks are referred to herein as MX CD-MOFs (M = cat-
ion, X = anion) based on the salts used during their prepara-
tion.

In contrast to the range of cations that have been used to
prepare MOFs from y-CD,#” the scope of counteranions that
have been incorporated into these materials remains rela-
tively limited. Indeed, only the previously reported KOH
and KOBz CD-MOFs could be reliably prepared under the
standard vapor diffusion conditions.535458 The synthesis of
CD-MOFs by vapor diffusion also involves long synthesis
times (1-3 weeks), limiting the scalability of these materi-
als. Gratifyingly, we have found that new CD-MOFs can be
prepared from KHCOs, K2COs, KOAc, and KCl under sol-
vothermal conditions at 120-160 °C using 4:1 MeOH:H20 as
the solvent instead (see SI Section 2 for details). Notably,
KOH CD-MOF could be prepared under solvothermal condi-
tions as well (SI Figure S5), but the sample prepared using
vapor diffusion exhibited higher CO: uptake and thus was
employed for all subsequent measurements (SI Figure
S$121). All prepared frameworks were found to be isostruc-
tural to CD-MOF-1 by powder X-ray diffraction (PXRD) and
to be similarly porous to CD-MOF-1 as well, with the excep-
tion of the framework prepared from KOBz that contains
large benzoate anions in the pores. Notably, the presence of
non-nucleophilic OAc- and OBz~ counteranions in the corre-
sponding frameworks were confirmed by both IR spectros-
copy (SI Figures S18 and S27, respectively) and 'H NMR
spectroscopy after digestion in D20 (SI Figures S17 and S26,
respectively).”® Assuming an empirical formula of
K2(X)x(OH)2-x(y-CD) (X = OAc or OBz), KOAc CD-MOF was
determined to contain 82% of the theoretical amount of
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Figure 2. a) CO2z adsorption isotherms of activated CD-MOFs with different counteranions at 40 °C. Solid lines represent fits to the
dual-site Langmuir model. A data point was considered equilibrated when less than 0.01% change in pressure occurred over a 45 s
interval. b) Free energies of adsorption (-AGaas) for COz adsorption as a function of loading for CD-MOFs with different counteranions
at 40 °C. Materials that have —AGads values above the dashed line at 10.9 k] /mol can adsorb COz at a 90% capture rate from a coal flue
gas stream, as determined using the equation AG = RTIn(P/Py) with T=313 K, P = 15 mbar, and Po = 1 bar.60 *KOAc CD-MOF contains
18% OH- and 82% OAc- counteranions, as determined by 'H NMR (SI Figure S17).

Table 1. COz uptakes and —AGads values at 40 °C for K-based
CD-MOFs with varying counteranions.

tcizelgé 15 Eaizeﬁ 1| AGasat
MOF 40°C
mbar bar (kJ/mol)
(mmol/g) | (mmol/g)
KOH CD-MOF 0.42 2.06 18.8
KHCO3 CD-MOF | 0.63 2.50 19.4
K2CO3 CD-MOF 0.65 2.19 20.7
KOAc CD-MOF 0.19 1.05 17.5
KCI CD-MOF 0.04 1.19 9.99
KOBz CD-MOF 0.02 0.65 8.37

OAc- sites and KOBz CD-MOF to contain 92% of the theoret-
ical amount of OBz~ sites, with the remainder of charge-bal-
ancing anions assumed to be residual OH- anions that can-
not be observed by 'H NMR spectroscopy. Additionally, the
presence of Cl- throughout KCl CD-MOF was confirmed by
energy-dispersive X-ray spectroscopy (EDX, SI Figure S22).

With a range of CD-MOFs bearing different counteranions in
hand, we next measured their CO2 adsorption/desorption
isotherms at 30 °C, 40 °C, and 50 °C (Figure 2, see SI Section
3 for details). The 40 °C adsorption isotherms of these CD-
MOFs along with a reference sample of commercially avail-
able y-CD are included in Figure 2a. These isotherms con-
firm that the counteranion in CD-MOFs significantly affects
their CO2 adsorption properties, which is inconsistent with
CO2z adsorption via carbonic acid formation (Figure 1c). For
example, KHCO3 (2.50 mmol/g), K2COs3 (2.19 mmol/g), and
KOH (2.06 mmol/g) CD-MOFs possess significantly higher
CO:z uptakes at 40 °C and 1 bar of COz than the KOAc (1.05
mmol/g), KCI (1.19 mmol/g), and KOBz (0.65 mmol/g) CD-
MOF analogues (Table 1). Free y-CD also showed limited
CO2z uptake under the same conditions (0.07 mmol/g). This
is unsurprising because, unlike alkylamines, alcohols gener-
ally require the presence of strong base to react with C02.5¢

In addition, the adsorption isotherms of KHCO3, K2CO3, and
KOH CD-MOFs are much steeper in the low-pressure regime
than KCl and KOBz CD-MOFs, reflecting their stronger affin-
ity towards CO2. To achieve >90% capture from a coal flue
gas stream (15% COz, 1 bar total pressure, 40 °C),5° a mate-
rial should possess high uptake at 15 mbar of CO: at 40 °C.
Indeed, KHCO3 (0.63 mmol/g), K2CO3 (0.65 mmol/g), and
KOH (0.42 mmol/g) CD-MOFs exhibit higher capacities at
15 mbar of COz and 40 °C than CD-MOFs containing non-nu-
cleophilic counteranions as well (Table 1). Interestingly,
KOAc CD-MOF displayed steep uptake until a loading of ap-
proximately 0.25 mmol/g (~0.1 mol COz/mol MOF), fol-
lowed by more gradual uptake at higher pressures. This is
consistent with the approximately 18% residual OH- sites
in this material, as determined by 'H NMR spectroscopy (SI
Figure S17). Notably, CO2 uptake was found to be fully re-
versible in all cases, as confirmed by desorption isotherms
collected at every temperature (SI Figures S46, S51, S56,
S61, S66, and S71). This finding supports COz capture at the
OH- sites as the dominant pathway (Figure 1e), as alkyl car-
bonate formation (Figure 1d) would likely be partially irre-
versible due the gradual loss of concomitantly generated
H20 upon desorption and re-activation.5”

To gain further insight into the thermodynamics of CO2 ad-
sorption in CD-MOFs bearing different counteranions, the
30 °C, 40 °C, and 50 °C COz adsorption isotherms were fit to
dual-site Langmuir models (Figure 2a, SI Tables S1-6). Us-
ing these fits, the heats (~AHaas), entropies (—~ASads), and free
energies of adsorption at 40 °C (-AGads) as a function of up-
take were calculated for each material (SI Table S13, see SI
Section 3 for details). Consistent with the observations out-
lined above, the maximum —AHaqs values for KOH (55.9 + 0.5
k] /mol), KHCO3 (49.5 + 1.8 kJ/mol), and K2CO3 (56.7 £ 2.0
kJ/mol) CD-MOFs are larger in magnitude than those for
KOAc (45.3 £ 12 k] /mol), KCI (36.0 = 2.7 k] /mol), and KOBz
(44.8 £ 0.1 kJ]/mol) CD-MOFs. Although —AHaas values are
frequently used to compare the strengths of gas binding in
porous solids, these values ignore the contribution of
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Figure 3. a) TIR spectra of activated KOH CD-MOF and KOBz CD-MOF after dosing with N2 and with CO2. The new carbonyl stretch
observed in KOH CD-MOF but not in KOBz CD-MOF upon exposure to COz2 is highlighted in green. The stretch at approximately 1600
cm-! corresponding to permanently bound H20 observed in all CD-MOF samples is highlighted in blue. b) y-CD unit with labelled
carbons. ¢) tH-13C CP MAS NMR spectra (1 ms contact time) of activated KOH CD-MOF and KOBz CD-MOF. d) 13C MAS SSNMR spectra
of KOH CD-MOF and KOBz CD-MOF after dosing with 13CO2 gas. e) tH-13C CP MAS SSNMR spectra (1 ms contact time) of KOH CD-
MOF and KOBz CD-MOF after dosing with 13CO2 gas. All SSNMR experiments were carried out at 9.4 T with a spin rate of 15 kHz.

entropic effects on gas adsorption, which can be substan-
tial®® and correlated with enthalpic effects.®! For example,
while KOBz CD-MOF exhibits a maximum -AHads value (44.8
+ 0.1 kJ/mol) higher than that of KCI CD-MOF (36.0 2.7
kJ/mol), the CO: uptake of KCl CD-MOF is superior. How-
ever, the maximum -ASas value for KOBz CD-MOF is also
higher in magnitude (126 * 0.4 J/mol-K for KOBz vs 87.7 +
3.5]/mol-K for KCl). The higher entropic penalty for COz ad-
sorption in KOBz CD-MOF suggests that more structure re-
organization occurs upon CO:z adsorption in this material,
potentially due to the large benzoate ions in the pores,
which reduces the affinity of this material towards CO2 com-
pared to KCl CD-MOF. As such, ~AHads values alone do not
accurately reflect the thermodynamic differences among
CD-MOFs.

Potential enthalpic and entropic differences among CD-
MOFs were accounted for by instead comparing —AGads val-
ues as a function of CO: loading at 40° C (Figure 2b and Ta-
ble 1).61 A comparison of ~AGads values confirms that KHCO3,
K2CO3, and KOH CD-MOFs exhibit a stronger driving force
for CO2 capture at all loadings compared to the KCl and
KOBz CD-MOFs (Figure 2b and Table 1). The higher affinity
of KHCO3, K2C03,and KOH CD-MOFs towards CO: at low par-
tial pressures makes them better suited for trace COz cap-
ture from target streams. For example, these CD-MOFs pos-
sess —AGaas values above the dashed line at 10.9 k] /mol, con-
firming their suitability for >90% CO: capture from a coal
flue gas stream.®0 In addition, among CD-MOFs bearing non-
nucleophilic counteranions, the trend in —AGass values is
OAc > Cl > OBz, properly reflecting their affinity towards
CO2 in isothermal measurements (Figure 2a). Overall, these

gas adsorption data confirm that the counteranion has a
critical role in the mechanism of reversible CO2 chemisorp-
tion in CD-MOFs, ruling out CO2z capture via carbonic acid
formation as the dominant pathway (Figure 1c).

Comparing -AGads values also illuminates the origin of the
generally superior COz uptake of KHCO3 CD-MOF and K2COs3
CD-MOF compared to KOH CD-MOF. Although all three
frameworks possess similar affinities towards CO: at low
loadings, reflecting the presence of similar binding sites, the
strong binding of COz in KOH declines more rapidly at
higher loadings, suggesting that it contains fewer accessible
OH- sites. This finding is likely due to the gradual decompo-
sition of KOH CD-MOF during the isothermal measure-
ments, as this material reproducibly changed in color from
white to orange and lost crystallinity upon repeated re-acti-
vation (SI Figure S103). Remarkably, KHCO3 CD-MOF re-
tained its original color and crystallinity during the collec-
tion of COz isotherms (SI Figure S104), reflecting an unex-
pectedly superior stability compared to the isostructural
KOH CD-MOF. This may be due to the different nature of de-
fect sites in these two materials, as KOH CD-MOF is pre-
pared under more basic conditions than KHCO3 CD-MOF.¢2

Mechanistic investigation of COz capture in CD-MOFs.
We next carried out spectroscopic and computational stud-
ies to investigate the pathway for CO2 capture in nucleo-
philic CD-MOFs using KOH and KOBz CD-MOFs as repre-
sentative materials (Figure 3-4). To confirm that CO2 chem-
isorption occurs only in CD-MOFs bearing OH- sites, trans-
mission infrared (TIR) spectra were collected for activated
CD-MOF samples with a range of counteranions dosed with
N2 and with COz (see SI section 4 for details). After exposure



a ¢
ﬁ’k
+ CO, - CO,
C

(¥

"---"‘

+ CO, - CO,

Figure 4. DFT-calculated structures for H20-bound KOH CD-MOF a) viewing along c and b) viewing along a. DFT-calculated structures
for the proposed binding mode of CO: in the presence of H20 in KOH CD-MOF via bicarbonate (HCO3-) formation c) viewing along c
and d) viewing along a. Gray, white, silver, and red spheres correspond to carbon, hydrogen, potassium, and oxygen atoms, respec-

tively.

to COz, a new stretch at 1663 cm~! was observed in the TIR
spectrum of KOH CD-MOF (Figure 3a), consistent with the
carbonyl stretch of a HCO3~ species.®? Similar new stretches
were also observed upon dosing activated KHCOs (SI Figure
S106) and K.COs (SI Figure S107) CD-MOFs with CO2. In
contrast, no new carbonyl stretches were observed upon
dosing KOBz (Figure 3a), KCl (SI Figure S112), and KOAc (SI
Figure S113) CD-MOFs with CO2. Consistent with the gas
sorption results (Figure 2), these findings suggest that de-
tectable CO:z chemisorption only occurs in frameworks
bearing OH- sites, further ruling out CO2 capture via car-
bonic acid formation (Figure 1c).

To further elucidate the mechanism of COz chemisorption in
CD-MOFs, magic angle spinning (MAS) solid-state NMR
(SSNMR) spectra of KOH CD-MOF and KOBz CD-MOF were
collected before and after dosing with 13CO: gas (Figure 3c-

e; see Sl Section 6 for details). Both CD-MOFs were treated
under the same conditions so that the peak intensities of
any newly formed species could be compared directly. Prior
to dosing with 13C0O2, the MAS SSNMR spectra of activated
KOH CD-MOF and KOBz CD-MOF are relatively similar, pri-
marily showing resonances ascribed to the y-CD units (Fig-
ure 3b—c). The presence of OBz~ anions in KOBz CD-MOF
was confirmed by the observation of an additional broad
resonance centered at 128.4 ppm (Figure 3c, right).

After dosing with 13CO2 gas, the 13C MAS SSNMR spectra of
both materials contains a strong signal at 125.0 ppm as-
signed to physisorbed 3COz (Figure 3d). Importantly, the
spectrum of 3C0Oz-dosed KOH CD-MOF gas revealed an ad-
ditional resonance at 159.6 ppm, assigned to a newly
formed (H)'3COs species (Figure 3d, left). This chemical



shift is in line with that assigned to (bi)carbonate species in
both molecular and materials systems.64-66

Table 2. DFT-calculated energies of adsorption (—AEuas) for
CO2 adsorption pathways in KOH CD-MOF and RbOH CD-
MOF.

CO2 Adsorption Path- | —AEqs without ~AEqqs with
way H:0 (kJ/mol) H:0 (k] /mol)
HCOs3- formation (K) 72.0 47.7 (55)°
HCO3- formation (Rb) 82.1 53.5 (56)°
Alkyl carbonate for- 51.9 29.5
mation (Rb)
Physisorption (Rb) 34.8 21.3

aMaximum experimental —~AHqgs determined using the Clau-
sius-Clapeyron equation.

Importantly, the observed chemical shift (159.6 ppm) is
closer to that of KHCO3 (161 ppm) than that of K2CO3 (168
ppm), supporting its assignment as a HCO3~ species result-
ing from reaction at the OH- sites (Figure 1e).6” This reso-
nance was not readily observed in the corresponding spec-
trum of KOBz CD-MOF (Figure 3d, right). After 1H-13C cross-
polarization (CP), which enhances the signals of 13C nuclei
near 'H nuclei (ie, strengthening MOF resonances over
those of physisorbed 13C0Oz), the MAS SSNMR spectrum of
13C0Oz-dosed KOH CD-MOF still contains an intense reso-
nance assigned to a H3COs species at 159.6 ppm (Figure 3e,
left). The spectrum of KOBz CD-MOF possesses a small res-
onance at the same chemical shift, which can be ascribed to
trace 13CO2 chemisorption at the approximately 8% of resid-
ual OH- sites in this material (Figure 3e, right). Due to the
large difference in intensity of the newly formed H!3CO3-
resonances in KOH CD-MOF and KOBz CD-MOF upon expo-
sure to 13COg, it can be concluded that the OH- sites present
in the former and lacking in the latter are likely responsible
for chemisorptive CO2 capture.

Van der Waals (vdW)-corrected density functional theory
(DFT) calculations were also carried out to probe potential
binding modes of COz in KOH CD-MOF and the isostructural
RbOH CD-MOF (Figure 4 and Table 2; see SI Section 7 for
details). The computed CO2 binding energy (-AEas) for
HCOs- formation in KOH CD-MOF is 72.0 kJ/mol (Figure
$129), which is more favorable than the maximum -AHads
measured for this material experimentally (55.9 £ 0.5
kJ/mol). In addition, the predicted 3C NMR chemical shift
for the HCO3~ carbon is 166.0 ppm, significantly downfield
from the observed resonance at 159.6 ppm (Figure 3). Be-
cause the IR spectra of all prepared CD-MOFs possess a shift
at 1600 cm~! due to permanently bound H20, even after ac-
tivation (Figure 3a),%® we hypothesize that permanently co-
adsorbed H20 might be playing a hitherto unrealized role in
CO2 chemisorption in CD-MOFs that accounts for these dis-
crepancies. Indeed, the addition of a co-adsorbed water
molecule to both the starting OH- and final HCO3- sites in
KOH CD-MOF (Figure 4) led to an improved match of the
predicted —AEads (47.7 k] /mol) and HCO3~ 13C NMR chemical
shift (164.2 ppm) compared to the experimental values (Ta-
ble 2). The discrepancy between the experimental and cal-
culated 3C NMR chemical shifts is in line with previous
studies.®® The reduction in favorable COz binding in the
presence of water is likely due to H20 interacting more
strongly with the OH- sites in KOH CD-MOF than with the

HCOs- sites in COz-dosed KOH CD-MOF. This is exhibited by
the shorter predicted HO-H---OH- distance (1.59 &) in H20-
bound KOH CD-MOF compared to the predicted
HO-H---0COH- distance (2.16 A) in H20-bound KOH CD-
MOF after HCO3~ formation (Figure 4). Moreover, DFT-
calculated structures for the proposed binding modes of
COzin RbOH CD-MOF were determined, including via HCO3~
formation (Figure 1e), via alkyl carbonate formation involv-
ing the primary alcohols of the D-glucopyranose units (Fig-
ure 1d), and via physisorption, and the computed CO2 bind-
ing energies for each mechanism were compared in the ab-
sence and presence of water (Table 2, SI Figures S131-136).
With or without permanently co-adsorbed water, CO2 cap-
ture via bicarbonate formation was by far the preferred
pathway in RbOH CD-MOF. Similar to KOH CD-MOF, the cal-
culated —AEaas for bicarbonate formation in the presence of
water (53.5 kJ/mol) was similar to the experimental —AHaas
for this material (56 kJ/mol, see below). Together, these
computational studies support that HCO3~ formation at
charge-balancing OH- sites in the presence of strongly
bound H:O is the preferred pathway for CO2 capture in CD-
MOFs.

Cation effects on CO: capture. Given the close proximity
between the OH-/HCOs- species and the M* cations in DFT-
calculated structures (Figure 4), we hypothesized that, if the
proposed mechanism is operative, then changing the cation
should also have a significant effect on CO2 chemisorption
in these materials (Figure 1e). In contrast, the cation would
not be expected to significantly affect the strength of CO:
binding via reaction at the D-glucopyranose R-OH units
(Figures 1c-d). To probe this possibility, we prepared CD-
MOFs bearing different cations for comparison with the K-
based frameworks discussed above (see SI section 2 for de-
tails). Following the literature procedure, cubic RbOH CD-
MOF was prepared via vapor diffusion.>* Although attempts
to prepare the isostructural framework NaOH CD-MOF via
vapor diffusion were unsuccessful, in line with literature re-
ports,>® this material could be prepared under solvothermal
conditions for the first time (SI Figure S36). As such, NaOH
CD-MOF represents a rare example of a porous and crystal-
line Na-based MOF. Unfortunately, attempts to prepare
isostructural frameworks from NaHCO3 and Na2COs via va-
por diffusion or under solvothermal conditions were unsuc-
cessful. The preparation of CsOH CD-MOF under solvother-
mal conditions produced phase-pure CD-MOF-4 (SI Figure
S$29), in contrast with the challenges associated with pro-
ducing phase-pure material using vapor diffusion (SI Figure
S$28).58 Last, single-crystalline Cs2CO3 CD-MOF was pre-
pared for the first time and could be structurally character-
ized by single-crystal X-ray diffraction (CCDC Structure
Deposition #2161791, see SI Section 9 for details). Intri-
guingly, charge-balancing (bi)carbonates could be resolved
within the pores of Cs2C03 CD-MOF (SI Figure S144), con-
sistent with the proposed mechanism for COz capture in CD-
MOFs (Figure 4). The promising results obtained herein for
synthesizing K-, Na-, and Cs-based CD-MOFs under sol-
vothermal conditions suggests that this avenue may be su-
perior to vapor diffusion for preparing CD-MOFs that are
otherwise challenging to access.
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Table 3. COz uptakes and -AGaas values at 40 °C for CD-
MOFs with varying cations.

tcacl);euar; 15 fa(ize?c 1 | 7AGasat
MOF 40°C
mbar bar (kj/mol)
(mmol/g) | (mmol/g)
NaOH CD-MOF 0.70 1.98 22.7
RbOH CD-MOF 0.95 2.15 25.2
CsOH CD-MOF 0.67 2.65 22.0

As with K-based MOFs, COz adsorption/desorption iso-
therms at 30 °C, 40 °C, and 50 °C and N2 adsorption iso-
therms at 40 °C were measured for RbOH, NaOH, and CsOH
CD-MOFs, and the COz adsorption isotherms were fit using
dual-site Langmuir models to yield ~AHads, —=ASads, and —=AGaas
values (Figure 5, see SI section 3 for details). The COz iso-
therms of Cs2C03 CD-MOF showed poor CO: capacity, and
therefore this material was not studied further (SI Figure
S91). The 40 °C adsorption isotherms of RbOH, NaOH, and
CsOH CD-MOFs in comparison to KOH CD-MOF and KHCOs
CD-MOF (included for reference) reveal significant differ-
ences (Figure 5a), confirming that changing the cation mod-
ulates the CO2 adsorption properties of CD-MOFs. At 1 bar
of CO2 and 40 °C, the observed trend in CO2 capacities is
CsOH CD-MOF (2.65 mmol/g) > RbOH CD-MOF (2.15
mmol/g) > KOH CD-MOF (2.06 mmol/g) > NaOH CD-MOF
(1.98 mmol/g) (Table 3). This result may be due in part to
the superior robustness of CD-MOFs prepared from larger
alkali metal cations leading to higher accessible pore vol-
umes.>8 Notably, this trend does not hold in the low pres-
sure regime (SI Figure S95). At 15 mbar and 40 °C (repre-
senting >90% capture from a coal flue gas stream),>° the ob-
served capacity trend is RbOH CD-MOF (0.95 mmol/g) >
NaOH CD-MOF (0.70 mmol/g) » CsOH CD-MOF (0.67
mmol/g) > KOH CD-MOF (0.42 mmol/g); KHCO3 CD-MOF
displays similar uptake (0.63 mmol/g) as NaOH and CsOH
CD-MOFs under these conditions. The observed trend in CO2
uptake at low pressures is mirrored well in the ~AGass values
of these materials (Figure 5b and Table 3). In general, more

thermodynamically favorable CO: capture is expected for
metal hydroxide salts bearing heavier cations,?3 consistent
with the strongest uptake occurring in RbOH CD-MOF. The
unexpectedly weaker binding observed in CsOH CD-MOF
may be due to the change in structure for this material (hex-
agonal) compared to the other MOH CD-MOFs (cubic). Over-
all, these results confirm that the cation making up CD-
MOFs has a significant effect on their CO2 capture proper-
ties, which is inconsistent with CO2z capture at the D-gluco-
pyranose units (Figures 1c-d).

Although significant differences were observed among
MOH CD-MOFs (M = Na, K, Rb, Cs), gas sorption and spectro-
scopic studies suggest that they chemisorb CO: via a similar
pathway. Indeed, the —~AGass values for these materials at
low loadings are all significantly higher in magnitude than
those observed for frameworks lacking OH- sites (Figure 2b
and Table 3). In addition, the formation of a new carbonyl
stretch upon exposure to COz was observed in the TIR spec-
trum of NaOH CD-MOF (1668 cm-1, SI Figure S108), which
is consistent with the new carbonyl stretch observed in
KOH CD-MOF (1663 cm1, Figure 3a) under the same condi-
tions. Unfortunately, the presence of strongly bound water
obscures this regime in CsOH and RbOH CD-MOFs (SI Fig-
ures S109 and S110). Last, as discussed above, DFT calcula-
tions support the feasibility of CO2 capture via HCOs~ for-
mation in RbOH CD-MOF in the presence of water (SI Figure
S$132) by an analogous mechanism as predicted for KOH CD-
MOF (Figure 4). The more favorable CO2 binding in RbOH
CD-MOF (-AEads = 53.5 k] /mol) compared to KOH CD-MOF
(=AEqas = 47.7 K] /mol) is reflected in the longer predicted
Rb*---OH- distance (2.98 A) than the K*---OH- (2.85 A) dis-
tance and the shorter Rb*---HCO3~ (3.51 A) distance than the
K*--HCO3- distance (3.55 A) in the corresponding DFT-
calculated structures. This shift indicates that soft HCO3-
binds to the soft Rb* sites more strongly, favoring the ad-
sorption product, whereas hard OH- binds to the hard K*
sites more strongly, disfavoring the adsorption product rel-
ative to the starting material. Since OH- is bound less
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Figure 6. a) Pure CO2 adsorption isotherms at 30 °C as measured by TGA for CD-MOFs after exposure to a flow of dry N2z for 30 min
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MOF. The sample was (re-)activated with dry N2z at 80 °C for 30 min between measurements.

strongly and HCOs- is bound more strongly in RbOH CD-
MOF, CO: capture via HCO3~ formation is predicted to be
more favorable in RbOH CD-MOF, in line with experimental
findings (Figure 5). These findings support that M---OH- in-
teractions offers a handle to tune CO2 capture affinities of
CD-MOFs.4041

CO:z capture under realistic conditions. Having estab-
lished the likely mechanism of CO: capture at OH- sites in
CD-MOFs, we next evaluated their potential for COz capture
from an idealized coal flue gas stream (15% CO2 in Nz, 40
°C) as a representative separation. Owing to the chemisorp-
tive pathway for CO: adsorption, all CD-MOFs bearing nu-
cleophilic counteranions exhibit relatively high non-com-
petitive CO2/Nz selectivities (S) under flue gas conditions in
volumetric measurements (SI Table S14), including KOH (S
=61), KHCOs3 (S = 81), K2COs (S = 78), NaOH (S = 56), RbOH
(5=90), and CsOH (S=126) CD-MOFs. Notably, these values
are all higher than the non-competitive COz/Nz selectivity of
KOBz CD-MOF (S = 33). However, volumetric measure-
ments are conducted under idealized conditions, such that
activation is performed under high vacuum (<10 pbar) and
pure gas is dosed in increments. Previous studies have
shown that thermogravimetric analysis (TGA) measure-
ments are better predictors of COz capture performance un-
der realistic conditions because they involve flowing gas
mixtures over the sample instead.*>7° In addition, TGA ena-
bles rapid evaluation of CO2 adsorption kinetics under
mixed gas conditions.”! Hence, COz adsorption in CD-MOFs
bearing nucleophilic counteranions was next studied using
TGA (Figures 6-7, see SI Section 5 for details).

The CO2 capture performance of CD-MOFs was first evalu-
ated by flowing pure CO2 at atmospheric pressure over ac-
tivated samples at 30 °C (Figure 6a). The optimal activation
temperature of each CD-MOF under flowing N2 was system-
atically determined using TGA to facilitate comparisons
among optimally activated samples (see SI Section 5 for de-
tails). After 30 min, activated KHCO3 and KOH CD-MOFs ex-
hibited the highest CO2 capacities (2.09 mmol/g and 2.11
mmol/g, respectively), followed by RbOH CD-MOF (1.48
mmol/g). In addition, KHCO3 and KOH CD-MOFs nearly

saturated in less than 2 min, demonstrating rapid COz ad-
sorption Kkinetics. Promisingly, KHCO3 CD-MOF exhibited
rapid COz uptake from a 15% CO: in N2 stream with a high
capacity (1.43 mmol/g) as well (Figure 6b). In contrast,
NaOH CD-MOF (0.81 mmol/g) and CsOH CD-MOF (0.16
mmol/g) exhibited low COz uptakes by TGA, likely due to
their poor thermal stabilities. Critically, when CO2 adsorp-
tion was measured by TGA on a sample of KOH CD-MOF that
had been soaked in dichloromethane for one week (the typ-
ical storage method of CD-MOFs), the MOF retained only 2%
of its capacity, reflecting its modest long-term stability on
the bench-top (SI Figure S123). In contrast, a sample of
KHCO3 CD-MOF that had been soaked in dichloromethane
for two months retained 89% of its COz capacity under the
same conditions (SI Figure S122). This finding further sup-
ports the unexpectedly superior stability of KHCOs CD-MOF
compared to KOH CD-MOF (SI Figures S103-104), confirm-
ing that the counteranion used during CD-MOF synthesis
has a significant effect on the material’s stability and CO: af-
finity. Due to its robustness, scalable synthesis, and rapid
uptake of COz under both volumetric and thermogravimet-
ric conditions, KHCO3 CD-MOF was selected as the most
promising framework for further evaluation.

Beyond adsorption capacity, the long-term stability of an
adsorbent is a critical consideration for industrial applica-
tions. In particular, the Oz content of the coal flue gas stream
is well known to lead to oxidative degradation of amine-
based materials.121424 To evaluate the oxidative stability of
KHCO3 CD-MOF, the material was exposed to flowing dry air
at 40 °C and atmospheric pressure for 12 h, and dry, pure
COz adsorption isobars were compared before and after ex-
posure. Minimal changes were observed in the CO: adsorp-
tion profile after this extensive exposure to Oz, confirming
the stability of KHCO3 CD-MOF towards a much higher par-
tial pressure of Oz (~21%) than is present in flue emissions
(4%) (Figure 7a). Minimal changes were also observed in
the CO2 adsorption profile of KHCO3 CD-MOF after heating
under flowing N2 at 80 °C for 12 h (simulating numerous re-
generation cycles), reflecting its promising thermal stability
as well (Figure 7a).
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cases.
The thermal and oxidative stability of KHCO3 CD-MOF en-
couraged us to evaluate its performance in a simulated tem-
perature-pressure swing adsorption process using a N2
purge as a stand-in for a pressure swing. As such, KHCO3 CD-
MOF was subjected to 115 adsorption (dry 15% CO:z in N,
40 °C) and desorption (dry, pure N2, 80 °C) cycles using TGA
(Figure 7b, see SI Figure S125 for the full cycling data). Con-
sistent with the accelerated decomposition test results (Fig-
ure 7a), KHCO3 CD-MOF exhibited a stable cycling capacity
(assuming negligible N2 uptake), retaining approximately
90% of its CO2 capacity after 115 cycles. A similar retention
in capacity (91%) was observed after 100 cycles with an ad-
sorption temperature of 30 °C on an independently pre-
pared sample of KHCO3 CD-MOF (SI Figure S126).

To evaluate the performance of KHCO3 CD-MOF in a fixed-
bed adsorption process, we conducted breakthrough

experiments with dry simulated coal flue gas using a cus-
tom-built apparatus (see SI section 8 for details). Break-
through experiments were carried out by subjecting 0.520
g of activated KHCO3 CD-MOF to 25 sccm of dry 15% COz in
N2 at 40 °C (Figure 8). Under these conditions, N2 broke
through the column nearly instantly, followed much later by
CO2. Importantly, the CO2 breakthrough profile was sharp,
reflecting the fast adsorption kinetics in this material. The
breakthrough CO2 capacity was calculated to be 1.18 + 0.05
mmol/g (average of three experiments), which is compara-
ble to the CO2 capacity of 1.26 mmol/g measured under a
stream of 15% CO2 in N2 by TGA (Figure 7b). Consistent with
the 40 °C Nz adsorption isotherm of this material (SI Figure
S97), its N2 capacity was found to be negligible (<0.1
mmol/g). Critically, the breakthrough profile and capacity
of KHCO3 CD-MOF were reproducible over three cycles fol-
lowing re-activation of the material at 40 °C under flowing
He (Figure 8). A breakthrough experiment under humid
conditions was also conducted using 25 sccm of humidified
15% CO2 in Nz at 40 °C after the MOF was pre-humidified
using humid He (approximately 23% relative humidity at
20 °C, SI Figure S142). Though the CO2 adsorption capacity
of the material under humid conditions (0.43 mmol/g) was
lower than that under dry conditions (1.13 mmol/g, cycle
3), selective COz binding over N2 was still observed (SI Fig-
ure S142). Importantly, KHCO3 CD-MOF retained its crystal-
linity after the humid breakthrough experiment, confirming
its stability towards humidified gas streams (SI Figure
S143). As such, the reduction in CO2 capacity under humid-
ified conditions is likely due to filling of the hydrophilic
pores with H20, blocking access of CO2 to reactive OH-
sites,*? and not due to degradation of KHCO3 CD-MOF under
these conditions. Overall, due to its thermal robustness, ox-
idative stability, and good performance in cycling and
breakthrough experiments, KHCO3 CD-MOF is a promising
new material for further study of CO2 capture from coal flue
gas emissions, though further optimization is required to
improve its CO2 capacity under humid conditions.

CONCLUSION



Through extensive gas sorption, spectroscopic, and compu-
tational studies, we have demonstrated that reversible CO2
capture is feasible at charge-balancing OH- sites within the
pores of CD-MOFs (Figure 1e). Our findings advance the un-
derstanding of the carbon capture pathway in these materi-
als and suggest that the previously proposed carbonic acid
and alkyl carbonate pathways are likely not operative (Fig-
ure 1c-d). The observed requirement for nucleophilic coun-
teranions in the pores rules out carbonic acid formation
(Figure 1c), whereas the observed cation effect, reversibil-
ity of CO2 adsorption upon cycling, 13C SSNMR chemical
shift, and DFT calculations are inconsistent with alkyl car-
bonate formation (Figure 1d). Careful evaluation of the ef-
fect of the framework cation and anion revealed that inex-
pensive KHCO3 CD-MOF is the most promising framework
for CO2 capture under realistic, mixed gas conditions. In
contrast to the isostructural KOH CD-MOF, this material re-
tains its structural integrity after accelerated decomposi-
tion tests, under oxidizing conditions, and after exposure to
humidity. Moreover, the cation of CD-MOFs represents a po-
tential tuning handle for adjusting their CO2 adsorption
thermodynamics, as Rb-based CD-MOFs display generally
stronger CO2 binding affinity (albeit with lower capacities)
than K-based CD-MOFs. Our computational results suggest
this is due to differing interactions between OH-/HCO3-
sites and the cations within these two materials. Addition-
ally, our experimental and computational findings highlight
a potential hitherto unrecognized role for permanently ad-
sorbed water in CD-MOFs on COz capture within these ma-
terials.%8

It is worth noting that, unlike OH--containing CD-MOFs, the
corresponding bulk MOH salts generally display poor reac-
tivity towards dry COz in the solid state.353¢ As such, our re-
sults suggest that disrupting the M-OH lattice is sufficient to
promote the nucleophilicity of OH- sites towards COz under
mild conditions. As such, the incorporation of OH- sites
within porous frameworks represents a potentially general
strategy for the design of new, oxidation-resistant adsor-
bents for carbon capture that are potentially competitive
with amine-based technologies. Future work will focus on
the synthesis of new CD-MOFs with less hydrophilic pore
environments with improved CO: capacities under humid
conditions.
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