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Direct air capture (DAC) under humid ambient conditions typically requires the use of organic components, with
sorbents that are purely inorganic in composition for the most part operating hundreds of degrees above room temperature. In this
work, we report porous metal hydroxides as a novel class of water-tolerant, oxidatively and hydrothermally stable low-temperature
sorbents that exhibit competitive DAC working capacities of 1.25 mmol/g over S consecutive temperature swing adsorption—
desorption cycles in the presence of steam and oxygen. Aqueous miscible organic solvent treatments are used to create highly porous
structures with surface areas exceeding 700 m?/g that capture CO, in the form of bicarbonates under dry conditions, and carbonates
under wet conditions. Water exerts a facilitative rather than an inhibiting effect on CO, binding, and the presence of hydrating
multilayers serves to stabilize carbonate species—akin to moisture swing adsorbents—except for the fact that solvation results in a
remarkable (upto 10-fold) increase, not decrease, in DAC capacity. High-valent doping with cerium is used to improve DAC
capacities by amplifying surface basicity, evidencing porous nickel hydroxides specifically (and porous metal hydroxides more
generally) as a novel class of robust, earth-abundant DAC sorbents.

CO, capture, layered double hydroxides, solvation, temperature swing adsorption, porous metal hydroxides

Zeolites, for instance, although hydrothermally stable, are
highly unselective to CO, in the presence of water vapor.>*
MOF physisorbents exhibit similar challenges with competitive
water adsorption.”” Dehumidification of air streams can
resolve such selectivity limitations, but likely result in heavy
energy inputs;”® even MOFs that do appear to be CO,
selective in the presence of water can in fact exhibit non-
negligible losses in adsorption capacity in the presence of water
vapor.” Hybrid organic—inorganic sorbents such as MOFs and
supported amines exhibit limited stability in the presence of
oxygen, with the latter also suffering from leaching of organics
that oftentimes degrades DAC performance over time.”'’

Climate change mitigation remains the defining challenge
facing mankind in the 21st century. There is growing
consensus that reversing the already calamitous trends in
anthropogenic CO, emissions is predicated on the use of
negative emission technologies that extract CO, directly out of
the atmosphere."”” Over and above reversing emissions trends,
the intentional removal of CO, from air using direct air capture
(DAC) technologies also helps address adverse effects of
distributed sources that account for up to two-thirds of global
CO, emissions.” Temperature swing adsorption (TSA)
processes are highly attractive for DAC due in part to the
fact that they apply work to concentrated CO, rather than the

dilute feed containing only 400 ppm of carbon dioxide.* A November 13, 2024
variety of solid sorbent materials have been evaluated in this February 11, 2025
context, including zeolites, metal—organic frameworks February 13, 2025

(MOFs), supported amines, and bulk metal oxides. Each of March 17, 2025

these existing classes of sorbent materials, however, suffers
from specific limitations that encumber their practical use.
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Scheme 1. (a) Illustration of the Layered Double Hydroxide (LDH) Structure; (b) Depiction of LDH Delamination by
Aqueous Miscible Organic Solvent Treatment (AMOST), Adapted with permission from Ref 26, Copyright 2013 Royal Society
of Chemistry; and (c) Illustration of @-Ni(OH), and #-Ni(OH), Crystal Structures, Reprinted with Permission from Ref 29,
Copyright 2020 Springer Nature.
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Mitigation of stability issues in supported amine sorbents
through the use of alternative capture moieties such as
secondary amines and polyamines with longer spacers lends
promise from a lifetime standpoint, but can result in lower
CO, adsorption capacities."' ™" These modifications could
also increase sorbent manufacturing costs due to the limited
commercial availability of alternative polyamines, combined
with the additional steps that their complex synthesis protocols
entail.

Calcium and magnesium oxides are the most commonly
investigated oxide-based CO, capture sorbents. These oxides
are relatively inexpensive compared to supported amine
systems and possess high theoretical CO, adsorption capacities
that can exceed values of 15 mmol CO, per gram of
sorbent.'*'* CO, forms strongly bound carbonates on these
sorbents, however, requiring temperatures in excess of 400 °C
for their conversion back to oxides.'"” These sorbents are also
hampered by slow adsorption kinetics resulting from diffusion
limitations, as demonstrated in the literature. Rausis et al., for
instance, reported slow carbonation kinetics under DAC
conditions for MgO, with only 16 wt % of the sorbent being
carbonated in an entire year."® CaO sorbents can also be
limited by adsorption kinetics; a stream of 500 ppm of CO, at
temperatures as high as 300 °C still requires 100 min for 35 wt
% carbonation.'” Alkaline-earth metal oxides therefore appear
to not be viable low-temperature DAC sorbents due to the lack
of sizable working capacities under ambient conditions.

More generally, to the best of our knowledge, no purely
inorganic DAC sorbent has been reported to date that treats
humid ambient air streams at reasonable time scales. This,
despite the fact that hydroxide groups in other classes of
materials such as MOFs have been shown to capture CO, at
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low temperatures. Dong et al, for instance, attributed the
reasonable DAC capacity of MOF-808—0.21 mmol CO,/g at
25 °C—to the formation of intramolecular hydrogen bonds
between neighboring Zr—OH sites.”’ The Wade and Ho
groups reported DAC capacities greater than 2 mmol/g at 27
°C over benzotriazolate MOFs bearing Ni/Zn-hydroxyls.”"**
These prior studies support the feasibility of using hydroxyl
groups for low-temperature DAC applications specifically, and
the potential use of surface hydroxyls ubiquitous on bulk
(hydr)oxide surfaces for CO, capture more generally. Our own
group previously reported the interaction of CO, formed in
situ under catalytic ethane oxidation conditions with
unsupported NiO samples prepared using a solid-state
decomposition procedure.”> Multiple types of carbonate
species with highly distinct binding characteristics were formed
on these NiO surfaces, pointing to the tunability of the CO,
binding using bulk Ni oxides as a platform. As reflected in their
highly tunable and hydrothermally stable structure, bulk oxides
and hydroxides are, in principle, more ideal carriers of oxygen-
containing nucleophiles for DAC applications compared to
MOF materials that tend to inherently be more susceptible to
degradation.”

Surface area limitations of (hydr)oxide powders can
potentially be overcome through the use of layered double
hydroxides (LDHs)—a class of highly tunable metal
hydroxides that carry the requisite porosity for DAC
applications and that are characterized by a two-dimensional
structure comprised of cationic metal hydroxide and charge-
balancing anion interlayers (Scheme la).”> We demonstrate
herein the first example of the use of LDH-derived solid
sorbents to deliver competitive DAC equilibrium and working
adsorption capacities, oxidative and hydrothermal stability,
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recyclability, water tolerance, and CO, selectivity. We use
aqueous miscible organic solvent treatment (AMOST)
protocols developed by O’Hare and coworkers*® to synthesize
high surface area hydroxides with the requisite gravimetric
adsorption site density, and use doping with high-valent metals
to accentuate the nucleophilicity of (hydr)oxide active sites
toward CO, adsorption. Hydroxide groups that adsorb CO, in
these materials exhibit much stronger tolerance to oxidation
compared with nitrogen moieties in supported amine sorbents,
likely due to the fact that unlike organic—inorganic hybrid
materials, the adsorbing functional groug) in the material
reported is itself inherently rich in oxygen.”” a-polymorphs of
nickel hydroxides reported here represent the first example of a
low-temperature DAC sorbent that is purely inorganic in
composition yet functions effectively from the standpoint of
capture and release from humid DAC feed streams. Results
presented here pave the way for exploiting a novel class of
relatively inexpensive hydroxide sorbents that could help
address persistent limitations associated with existing classes of
DAC sorbents.

Nickel is a common component in LDH materials containing
di- and trivalent metal cations. Nickel hydroxides have two
polymorphs: a-Ni(OH),, which has a hydrotalcite-like
structure and contains solely divalent cations, and #-Ni(OH),,
which has a similar layered structure as «-Ni(OH), but
without charge-compensating anions and water molecules in
the interlayer spaces, leading to a more compact layered
structure as shown in Scheme 1c.”® S-Nickel hydroxides
synthesized through coprecipitation in the absence of any
template were found to carry a-Ni(OH), impurities (Figure
S1) and minimal porosity (3.3 m?/g surface area and 0.01 cc/g
pore volume, Table 1), albeit with clear characteristic
diffraction peaks at 19, 33, and 39° attributable to p-
Ni(OH),.>’ These textural and diffraction results are
consistent with mixed nickel hydroxide phases regorted
previously when using chemical precipitation methods.”® The
minimal porosity of this f-nickel hydroxide sample results in

Table 1. Textural Properties of Porous Nickel Hydroxide
(PNH) Samples Tested in Our Study and Their CO,
Adsorption Capacities in the Absence and Presence of
Humidity”

BET
surface Pore Dry DAC  Humid DAC
area volume capaci capacity
Sample (m*/g) (em®/g) (mmol/g) (mmol/g)
p-Ni(OH), 3.3 0.01 / <0.01
p-Ni(OH),-T 240 0.44 / 0.31
a-Ni(OH), 820 1.56 0.08 0.92
a-NiCe,,(OH), 766 1.48 0.16 1.35
a -NiFe,,(OH), 476 0.47 0.18 0.53
Ce(OH);-T 116 0.16 / 0.1
a-NiCe,,(OH),-no 179 0.24 / 0.62
AMOST

p-NiCe,,(OH),-T 228 0.53 / 0.48
a-Ni(OH),-S0,*~ 702 1.40 / 0.99

“Adsorption conditions: 25 °C, 400 ppm of CO,, 2.1 kPa H20 (67%
RH)/balance N,. Pretreatment conditions: 200 °C, Ar purge for 2 h.

an exceedingly low equilibrium CO, adsorption capacity under
humid DAC conditions (<0.01 mmol/g, Table 1). Significant
porosity was incorporated into the $-nickel hydroxide samples
when applying the same coprecipitation method in the
presence of an octylamine template. The templated f-
Ni(OH),-T sample was found to carry a BET surface area of
240 m*/g and a pore volume of 0.44 cc/g. The surface area
obtained for this sample is within the 200—250 m?®/g range
reported in prior studies emplozing analogous soft template-
assisted (hydr)oxide syntheses.””’’ The higher porosity of
these samples resulted in a significantly greater equilibrium
DAC capacity of 0.31 mmol/g under a 67% relative humidity
stream (Table 1). These results suggest the potential for
significantly improving DAC capacities by increasing nickel
hydroxide porosity. To achieve further improvements in
surface area and DAC capacity, @-Ni(OH), samples were
synthesized and subjected to an aqueous miscible organic
solvent treatment (AMOST) protocol for delaminating layered
double hydroxide structures. Reported by O’Hare and co-
workers, this method has been shown to be effective at
improving the porosity of LDH materials by redispersing wet
samples into water-soluble solvents such as acetone and
ethanol prior to drying.’® Treatment with water-soluble
solvents can extract water molecules out of LDH interlayers,
thereby minimizing hydrogen bonding interactions and
reducing the extent of particle aggregation during the drying
step (Scheme 1b). Such use of solvent redispersion to improve
porosity through delamination has been demonstrated
previously for non-Ni-containing materials such as Mg—Al
LDHs>* and Ni—Ti LDHs, with a surface area of 492 m?/ g
being achieved using an AMOST-assisted procedure for the
latter,™ attesting to the feasibility of producing highly porous
metal hydroxide structures using this technique.

The powder diffraction pattern of a-Ni(OH), reported in
Figure la shows diffraction peaks at 26 values of 22°, 33.6°,
and 59.8° corresponding, respectively, to the (006) basal,
(012), and (110) planes of a-Ni(OH),.”* AMOST-subjected
a-Ni(OH), samples in this work carry much higher surface
areas and pore volumes—820 m’/g and 1.56 cc/g,
respectively—compared to the templated and nontemplated
P-nickel hydroxide samples, and also exhibit a correspondingly
higher DAC capacity of 0.92 mmol/g under humid conditions
(Table 1). To the best of our knowledge, this represents, to
date, both the highest surface area reported in the open
literature for a nickel hydroxide sample, as well as the first
example of a nonalkaline earth metal hydroxide with
competitive adsorption capacity and kinetics for room-
temperature direct air capture. Note that unlike the sorbents
reported in our study, alkaline earth metal oxide sorbents can
exhibit adsorption capacities as high as 4 mmol/g at room
temperature, but take extended times—sometimes up to a
year—to realize this capacity,'® rendering them impractical for
low-temperature DAC specifically, and CO, capture at close to
ambient temperatures more generally. The much smaller time
scales for CO, diffusion and adsorption onto the PNH
materials reported here, combined with the competitive
equilibrium adsorption capacities presented, create an
opportunity for exploiting nucleophilic oxygen/hydroxyl
groups on extended surfaces for the purposes of capturing
CO, directly from room-temperature ambient air. Next, we use
aliovalent doping to rationally tune the acid—base properties of
hydroxide surfaces to deliver further improvements in sorbent
DAC performance.

https://doi.org/10.1021/jacsau.4c01083
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Figure 1. (a) XRD patterns of pristine samples (dashed lines represent peak positions for a-Ni(OH),), (b) N, adsorption—desorption isotherms,
and (c) pore size distributions derived from BJH analysis of the desorption branches of the PNH sample.

Three types of PNH samples were investigated in this work: a-
nickel hydroxides (a-Ni(OH),), non-templated f-nickel
hydroxides (B-Ni(OH),), and templated S-nickel hydroxides
(B-Ni(OH),-T). Owing to their low surface areas and poor
DAC performance, nontemplated nickel hydroxides were not
further evaluated in our study. We hypothesized, consistent
with density functional theory (DFT)-derived postulates put
forth by the Metiu group,”>*® that doping with metals carrying
a higher valency compared to nickel will result in a net basicity
on the surface that may in turn significantly increase the
binding energy of CO,. Per this postulate, when a high-valent
dopant such as cerium substitutes into the NiO(H) matrix, it
brings in more valence electrons compared with the nickel
atom it displaces. Regardless of whether these excess electrons
are delocalized onto the adjacent nickel atom or not, the excess
valence electrons brought in by the high-valent dopant result in
the creation of net basicity on the (hydr)oxide surface relative
to the undoped surface. We hypothesized that doping of the a-
nickel hydroxide sample with cerium—carrying either a + 3 or
a + 4 valency—could result in a net basicity on the surface that
would be reflected in the form of more nucleophilic oxygen or
hydroxide moieties that would in turn bind CO, more strongly.
Iron was also tested as an alternative dopant that could take on
an oxidation state of either +2 (acting as an aliovalent dopant)
or +3 (acting as a high-valent dopant). Ce/Fe-doped samples
are referenced with their corresponding target mole fractions
included in the nomenclature. For example, a 10 mol % Ce-
doped a-nickel hydroxide sample is referred to as a-
NiCe,;(OH),. The synthesized a-NiCe,,(OH), sample
exhibits similar X-ray diffraction peak positions as a-Ni(OH),,
but it appears to be less crystalline than its unary counterpart
(Figure 1a).

Delamination, like doping, lowers the crystallinity of the
cerium-containing sample, as indicated by the presence of a
more prominent diffraction peak at 11° assigned to the (003)
plane of samples containing interlayer carbonates not subjected
to the ethanol AMOST step (Figure S2).”” Similar reductions
in (003) peak intensity have previously been reported in other
studies on nickelate layered double hydroxides after delami-
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nation steps such as AMOST or ultrasound treatment.””*"

Delamination of the sample with ethanol results in a significant
expansion in surface area (Figure S3), pointing to the
effectiveness of AMOST in generating the requisite surface
area for DAC applications. This ethanol treatment-derived
delamination of Ni—Ce hydroxide can be demonstrated
directly through its effect on particle morphology inferred
from the TEM images shown in Figure 2. Whereas o-

Figure 2. Bright field transmission electron microscopy (TEM)
images of @-NiCe,;(OH),-no AMOST (a) and a-NiCey;(OH), (b).

NiCe,,(OH), obtained without being subjected to AMOST
treatment in ethanol shows strongly aggregated particles, the
a-NiCey;(OH),-6 h sample subjected to AMOST exhibits a
flower-like nanosheet morphology, aligning with images for
AMOST-assisted LDHs reported previously by other
groups.”*”*" Next, we discuss the effect of Ce introduction
on the structure of nickel hydroxide.

The diffraction peak attributable to the (101) plane of
Ce(OH), that appears at 28° upon introduction of cerium
(Figure 1a)*' suggests that not all of the cerium substitutes
isomorphously into the NiO matrix. Unlike the demonstrably
heterogeneous a-NiCe,;(OH), material in which a fraction of
the cerium is present as a separate Ce(OH), phase, the a-
NiFe,,(OH), material is significantly more crystalline than the
single-component a-Ni(OH), sample (Figure la). The
absence of additional diffraction peaks upon the introduction

https://doi.org/10.1021/jacsau.4c01083
JACS Au 2025, 5, 1649—-1662
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of Fe suggests minimal formation of crystalline Fe(OH),
phases, and the sharper diffraction peaks -- including the
appearance of a clear (003) peak at 11° -- suggest the
formation of a much more crystalline a-Ni hydroxide phase
upon doping with Fe. Besides, the (003) and (006) basal plane
peaks in a-NiFey,(OH), that appear shifted to higher 26
values compared to a-Ni(OH), suggest a shorter basal spacing,
consistent with lesser delamination and a greater extent of
stacking for the Fe-containing sample. The (012) and (110)
diffraction peaks are also shifted to slightly higher 20 values
(Figures S4 and SS), likely originating from lattice substitution
of Fe* ions carrying a smaller ionic radius (0.0645 nm)
compared to Ni** ones (0.069 nm). Note that the similar
positions of Fe and Ni in the periodic table imply that the
minimal shift in diffraction peak position is expected even if the
entirety of the Fe was isomorphously substituted into the Ni—
OH lattice. In fact, the similar ionic radii of Fe and Ni may
constitute part of the reason for the more effective substitution
of Fe and the concomitant absence of diffraction peaks
corresponding to crystalline Fe(OH),. We posit that unlike
Ce*'* ions that have a negligible effect on the pore properties
of the synthesized hydroxide, strong particle aggregation is
retained in the a-NiFe,,(OH), sample, presumably due to
Fe*-induced stabilization of layer stacking that is resistant to
delamination upon redispersion in ethanol.

Consistent with the X-ray diffraction results, the a-Ni(OH),
and a-NiCe,;(OH), samples exhibit similar pore character-
istics including surface area and pore diameter, unlike the
much more crystalline a-NiFe,,(OH), sample that exhibits a
lower surface area (476 m?/g), albeit with a similar pore
diameter (Table 1 and Figure 1b,c). The lower surface area of
the Fe-containing sample reinforces our assertion that it is in
fact delamination of the a-Ni(OH), structure that enables the
creation of very high surface areas for the a-Ni(OH), and a-
NiCe,,(OH), samples (820 and 766 m*/g, respectively, Table
1). The more ordered and stable layered structure formed
upon the introduction of Fe into @-Ni(OH), in fact disfavors
the creation of the requisite degree of porosity for DAC
applications. Textural properties of samples reported here,
including a type-IV isotherm with an H3-type hysteresis loop,
mirror prior reports on LDH samples subjected to AMOST
protocols,”®** and point to particle stacking as the
predominant source of sample porosity. The mesoporosity
corresponding to this hysteresis loop could also potentially
originate from the presence of non-rigid aggregates of plate-like
particles present in a layered material.*” FTIR spectra of the a-
Ni(OH), and a-NiCe,;(OH), samples contain infrared bands
at 2974 cm™' likely corresponding to C—H stretching
vibrations originating from residual interlayer ethanol mole-
cules recalcitrant to thermal treatment at 200 °C; the spectra
also point to the presence of intercalated carbonate anions that
exhibit symmetric stretching bands at 1378 cm™' (Figure
§6). 333743

Figure 3 shows a compilation of DAC capacities in the
presence of water vapor for the various unary and binary a-
and p-nickel hydroxides as a function of their corresponding
BET surface areas. DAC capacities for all samples devoid of Ce
were found to be linearly correlated with surface area
irrespective of crystal structure, Ni/Fe content, and AMOST
treatment, suggesting that variations in DAC capacity in these
samples can be attributed entirely to changes in surface area
and the corresponding concomitant alterations in adsorption
site density but not to the tuning of acid—base properties that
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Figure 3. DAC capacities of various porous nickel hydroxides plotted
as a function of BET surface area. Adsorption measurements were
carried out at 25 °C under 400 ppm of CO,, 2.1 kPa of H,0 (67%
RH), and balance N,. Dashed line represents a linear regression for
the adsorption capacities of the Ce-free sorbents.

result from changes in coordination environments of active
oxygens or hydroxyls. Doping with Fe fails to result in an
enhancement in DAC performance on a per unit surface area
basis despite the highly crystalline nature of the sample and the
absence of diffraction peaks associated with crystalline
Fe(OH),. In contrast, every Ce-containing nickel hydroxide
sample tested exhibits a disproportionately higher adsorption
capacity compared with the corresponding non-Ce analogues
at equivalent surface areas (Figure 3). Specifically, the
templated Ce—Ni f-hydroxide sample was found to exhibit a
significantly larger adsorption capacity compared to the Ni f-
hydroxide sample (0.48 versus 0.31 mmol CO,/g) despite
carrying a slightly smaller BET surface area (228 versus 240
m?*/g). Moreover, the Ce—Ni a-hydroxide sample subjected to
AMOST manifested the highest DAC capacity of all materials
tested (1.35 mmol CO,/g), and also, to the best of our
knowledge, the highest DAC capacity measured at reasonable
time scales reported to date in the literature under ambient
conditions for materials that are either oxidic or hydroxidic in
composition. Improvements in DAC capacity are significant;
for example, a 47% increase in the adsorption capacity was
noted upon doping a-Ni(OH), with cerium. These improve-
ments in DAC performance are unlikely to be a consequence
of Ce(OH), domains formed upon addition of Ce to a-
Ni(OH), because areal CO, adsorption capacities for
Ce(OH);-T are much lower than those for a-NiCey,(OH),
(0.0009 versus 0.0018 mmol of CO,/m?). They instead appear
to result from a synergistic effect of isomorphous doping of Ce
that perturbs the surface chemistry of the adsorption site.
Differences in water adsorption or hydroxyl formation are also
unlikely to be contributing factors to these improvements, as
reflected in the near-identical water adsorption isotherm data
for the a-Ni(OH), and a-NiCe,,(OH), samples (Figure S7).
We therefore ascribe the larger DAC capacities for Ce-
containing samples to an effect of doping that is consistent
with the aforementioned hypothesis that substitution with
high-valent dopants increases the basicity of the nickel
(hydr)oxide surface. Our XPS results provide further
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Scheme 2. Possible Adsorption Mechanisms Mediating CO, Binding onto PNH Materials Including (a) CO, Binding in the
Form of Interstitial Bicarbonates within Anion Interlayers, (b) CO, Adsorption onto Surface Hydroxyls, and (c) CO, Binding
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Figure 4. (a) Powder X-ray diffraction patterns, (b) S 2p XPS spectra, and (c) FTIR spectra of a-Ni(OH), and a-Ni(OH),-SO,*~ samples
obtained at 30 °C under an Ar purge after a 2 h, 200 °C thermal pretreatment under Ar.

corroborating evidence of the alteration of surface hydroxide
binding characteristics through doping. The Ni 2p peak in the
XPS data shown in Figure S8 shifts to higher binding energies
from 855.3 eV for a-Ni(OH), to 855.65 eV for a-
NiCe,,(OH),, indicating partial electron transfer out of the
Ni** ion upon Ce’" introduction; such electron transfer is
consistent with more electron rich (i.e. more basic) oxygen/
hydroxyl moieties. These more basic moieties would in turn
explain the higher DAC capacities under both dry and humid
conditions upon the introduction of cerium into the a-
Ni(OH), matrix. Similar changes in Ni 2p binding energy have
been suggested by Liu et al. to result in lower overpotentials
for oxygen evolution reaction catalysis over Ce(OH)s-
containing and Ce-doped NiFe-LDH materials."* We note
that other XPS regions may be less informative as the binding
energies of the O electron may be affected due not only to Ce
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dopant effects but also the formation of distinct Ce(OH),
phases the contributions of which are challenging to
deconvolute; these phases would result in binding energy
shifts even in the absence of a perturbation of Ni—OH lattice
oxygens.

The basis for the limited effect of Fe doping on adsorption
capacities noted in Figure 3 remains ambiguous, but could be
attributed to the fact that Fe, unlike Ce, can carry either a + 2
or a + 3 oxidation state. Note that doping with either of the
elements considered—Fe or Ce—increases DAC capacities on
a per unit area basis under dry conditions, but only doping
with Ce results in an improvement in performance under wet
conditions (Table 1). Crucially, all nickel hydroxide samples
tested in our work, regardless of chemical composition or
crystal structure, benefit from the presence of humidity in the
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feed stream. We next discuss the effect of Ni—OH surface
hydration on CO, binding characteristics.

Consistent with prior reports,” we find that metal hydroxides
are not optimal candidate sorbents for CO, capture under dry
conditions owing to the minimal binding that they exhibit in
the absence of humidity. This conclusion changes, however,
when evaluating this class of sorbents in the presence of water
vapor, prompting questions as to the basis for the favorable
role of water on CO, binding. Three potential types of sites
were considered in our analysis of CO, adsorption data
(Scheme 2)—interlayer carbonates, surface hydroxyls, and
adsorbate species stabilized by surface water. Interlayer
carbonates can react chemically with CO, in the presence of
water to form bicarbonate species, akin to low-pressure CO,
adsorption mechanisms proposed previously over sodium/
potassium carbonate-impregnated sorbents that form bicar-
bonate species in the presence of water vapor.*™** To test the
contribution of interlayer carbonates to CO, adsorption, an
SO,* -exchanged a-Ni(OH), sample was synthesized by
redispersing the a-Ni(OH), wet cake obtained after washing
with DI water into an aqueous sodium sulfate solution for 48 h
at room temperature. The sulfate-exchanged sample was found
to exhibit a powder X-ray diffraction pattern and porosity
similar to those of the native a-Ni(OH), sample (Figures 4a,
S9 and Table 1). Sulfate ion exchange can be evidenced by the
appearance of an S 2p peak at 168.35 eV in the XPS spectrum
of the a-Ni(OH),-SO,*~ sample that is absent in the case of
the a-Ni(OH), sample (Figure 4b), as well as the appearance
of a new infrared band at 1115 cm™ attributable to the
asymmetric stretching mode of the sulfate anion and the
concomitant loss of carbonate symmetric stretching bands at
1378 cm™.*” Roughly half the area of the carbonate band at
1378 cm ™! was lost during ion exchange, suggesting significant
but partial exchange of carbonate species with sulfate anions
despite the limited propensity toward anion exchange
suggested by the strong binding of carbonates onto metal

hydroxide layers evidenced previously using experiment and
theory.””*" The involvement of interlayer carbonates in CO,
adsorption would require that the adsorption capacities drop
significantly upon sulfate ion exchange. Similar DAC capacities
measured pre- versus post-ion exchange (0.92 versus 0.99
mmol CO,/g), however, appear to eliminate the potential
involvement of interlayer carbonates in CO, adsorption
(pathway a, Scheme 2) and suggest that CO, may instead
bind to either surface hydroxyls or other sites that are
“activated” in the presence of water (pathways b and c, Scheme
2). Note that the strong correlation between DAC capacities
and BET surface areas captured in Figure 3 and the positive
influence of delamination of the layered structure on CO,
capture performance both provide further corroboration of the
participation of surface, not interlayer sites, in CO, adsorption.

The presence of water has a significant favorable effect on
the CO, adsorption capacities of all of the nickel hydroxide
materials tested. CO, adsorption capacities increased with
water partial pressures up to 2.1 kPa water before plateauing
out or decreasing slightly at higher pressures (Figure Sa). The
presence of water could either a) merely increase the density of
adsorption sites present or b) alter not only the density but
also the CO, binding characteristics of these sites. The much
greater sensitivities of adsorption capacities to adsorption
temperature under humid conditions compared to under dry
conditions (Figure Sb) suggest a significant increase in binding
energy in the presence of water versus in its absence. As an
example, adsorption capacities of @-NiCe,;(OH), decrease by
81% when increasing the adsorption temperature from 25 to
75 °C under 2.1 kPa water vapor but only by 28% for the same
change in temperature under dry conditions. The larger
changes in adsorption capacity under humid conditions could
also be a consequence of the lower water loadings encountered
at higher temperatures under wet conditions, unlike dry
conditions where the surface carries minimal amounts of water
regardless of adsorption temperature. The presence of water
vapor affects not only the adsorption capacity values but also
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our interpretation of the effect of doping on CO, binding.
Under dry conditions, a-NiFe,,(OH), and a-NiCe,;(OH),
capture more CO, on a per unit area basis compared to a-
Ni(OH), (Table 1), unlike under humid conditions where
only the Ce, not the Fe-containing sorbent, exhibits higher
areal DAC capacities (Figure 3). Adsorption energies under
dry conditions measured using microcalorimetry are shown in
Figure 6, and they demonstrate that the higher DAC capacities
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Figure 6. CO, adsorption energies of PNH materials measured using
microcalorimetry at incrementally increased CO, pressure at 30 °C.
Samples were thermally pretreated for 2 h under vacuum at 200 °C
prior to CO, adsorption.

on the Fe- and Ce-doped materials result from stronger
binding compared to the unary a-Ni hydroxide sample.
Adsorption energies over a wide range of surface coverages
follow the order a-NiFe,,(OH), > a-NiCey;(OH), > a-
Ni(OH),/a-Ni(OH),-SO,*"—identical to the order of areal
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DAC capacities under dry conditions. These calorimetry data
provide strong evidence of the enhanced CO, adsorption
strength upon doping with Fe or Ce, potentially resulting from
the expected enhancement in basicity of hydroxide moieties in
the presence of high-valent dopants. These contrasting effects
of doping in the presence and absence of water vapor
demonstrate a unique role of water in facilitating the binding of
CO,.

These significant changes in binding energy could originate
either from the creation of hydroxyls generated through the
dissociative adsorption of water (pathway b, Scheme 2) or
from the direct involvement of molecularly adsorbed water in
CO, binding (pathway c, Scheme 2). Analysis of water
adsorption isotherms measured over a-NiCe,,(OH), provides
insights that help further differentiate between these two
adsorption pathways. A type II water isotherm indicative of
monolayer—multilayer adsorption was measured at 25 °C, with
an inflection in the range of 0.45—0.55 kPa corresponding to a
transition from monolayer to multilayer adsorption (Figure
Sc). Surface hydroxylation, unlike water adsorption, is
necessarily constrained to the nickel hydroxide surface and
hence should cease to provide improvements in DAC
adsorption performance past the water vapor pressure where
hydroxyl/water monolayers are formed. In sharp contrast with
this expectation, DAC capacities continue to increase
significantly even above pressures that result in monolayer
coverages of water (Figure Sc). Not only do multilayer water
adsorption capacities continue to favorably impact CO,
adsorption but also in fact seem to provide a marker for
CO, adsorption capacities. DAC capacities shown in Figure 5c
track quantitatively with water adsorption at multiple pressures
at a tempertaure of 25 °C, and at multiple adsorption
temperatures at a water pressure of 2.1 kPa. The strong
correlation between the quantities of bound water and CO,
adsorbed over a wide range of mono- and multilayer coverages
suggests a role of molecular water clusters in enhancing CO,
binding onto nickel hydroxide surfaces (pathway ¢, Scheme 2).
Note that the involvement of molecular water in CO, binding
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Figure 7. FTIR spectra of a-Ni(OH), measured under 400 ppm CO, without water vapor (dry), 400 ppm CO, and 2.1 kPa H,0O (humid), and
400 ppm CO, and 2.1 kPa D,O (humid D,0). (b) Evolution in FTIR spectral data over a-Ni(OH), upon switching from a stream containing 400
ppm CO, and 2.1 kPa D,0 (humid D,0) to one containing only 400 ppm CO,; spectra are reported either S or 30 min after switching to a dry
stream. Reported spectra are background subtracted from those measured under Ar before exposure to CO,.
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does not in and of itself disprove participation of surface
hydroxyls; rather, CO, binding could still occur over surface
hydroxyls in a manner that is facilitated by either molecular
water or hydrogen-bonded water clusters. A possible
explanation for the facilitative role of water is the formation
of a particular type of precursor species in the condensed phase
that then coordinates to the hydroxide surface, akin to the
mechanism for CO, binding onto hydroxide-bearing poly-
amine-Cu(II) hybrid sorbents proposed recently by the
Sengupta group.”’ The favorable effect of water vapor upto
relative humidity values of 60% on CO, adsorption was
interpreted in their work to result from acid—base interactions
not between surface sites and CO, but instead between surface
hydroxides and carbonic acid, the latter of which was pre-
formed through CO, dissolution into the condensed water
phase. Adsorbed water also appears to enable the binding of
CO, onto nickel hydroxide samples tested in our study,
although its precise role—which could potentially include
solvation of bound species or the formation of unidentified
precursors to these bound species—remains ambiguous at this
point, and constitutes the focus of current and future
investigation. We note that the facilitative role of water in
CO, adsorption sensed here contrasts with hydroxide-bearing
MOFs that can exhibit only limited tolerance to water vapor, as
well as an outsized propensity toward degradation in the
presence of oxygen.”"”” Nickel hydroxides reported here, in
contrast, are highly water-tolerant, as demonstrated through
the data in Figure S, and highly oxidatively stable, as discussed
in Section 2.5. We probed next, using infrared spectroscopy,
the speciation of adsorbed CO, under dry and humid
conditions.

In situ FTIR measurements over a-Ni(OH), under 400 ppm
of CO, reveal a series of infrared bands between 1000 and
1700 cm™' that correspond to carbonate and bicarbonate
species (Figure 7a). Symmetric and asymmetric stretching
modes for (bi)carbonate species in the 1000—1700 cm™!
wavenumber range have been reported widely in the literature,
and band positions are shown to vary with metal (hydr)oxide
identity and surface coordination environment.”"**">* We
assign bands at 1645 and 1680 cm™" detected in the presence
of 400 ppm of CO, under dry conditions to asymmetric
stretching modes for HCO;™ species that have previously been
reported to appear in the 1580—1680 cm™' range during CO,
adsorption over a variety of hydroxyl-bearing materials
includin§ MOFs, reducible bulk metal oxides, and hydro-
talcites.'*"***">* The three bands at lower wavenumbers—
1387, 1435, and 1473 cm™'—can be assigned to O—C—O
stretching modes for CO,>~ species.'®*"** The inclusion of 2.1
kPa water vapor in the 400 ppm CO, stream results in a
significant increase in each of the aforementioned carbonate
and bicarbonate bands (Figure 7a), consistent with the much
higher DAC capacities under humid conditions compared to
those under dry conditions (Table 1 and Figure Sa). These
infrared bands, however, are rendered challenging to discern
due to the presence of features corresponding to H-O—H
bending vibrations in the 1600—1700 cm™' range when
cofeeding H,0. These bands become more apparent when
using D,O cofeeds rather than H,O cofeeds because D—O—D
bending modes appear as a distinguishable band near 1205
cm™! rather than the 1600—1700 cm ™" range that now appears

1657

well-defined and distinct from H—O—H bending vibrations
previously obfuscating key infrared features (Figure 7a).
Positions of bands associated with carbonates that are devoid
of hydrogen/deuterium are unaffected by the introduction of
D,0, unlike bands assigned to hydrogen/deuterium-containing
bicarbonates that redishift from 1645 and 1680 cm™' to 1585
and 1618 cm™’, respectively, providing further corroboration
our infrared virbational assignments. These effects of H-D
substitution are also consistent with previously reported IR
band red-shifts for KDCO; and KHCO; powders calculated
using DFT and measured experimentally.”* The coexistence of
both protonated and deuterated bicarbonates in the presence
of D,0 is not entirely unexpected since surface hydroxyls need
not be completely exchanged with deuterium; infrared band
intensities at 1645 and 1680 cm™' are minor compared to
those at 1585 and 1618 cm™', suggesting that the surface is
mostly (but not completely) deuterated. Intriguingly, the three
bands at 1387, 1435, and 1473 cm™! assigned to carbonate
species were amplified disproportionately upon introduction of
D,0 compared to the bands at 1645 and 1680 cm™" ascribed
to bicarbonate species, with the latter showing little growth in
intensity upon switching to humid conditions. The introduc-
tion of D,0O therefore appears to favor the formation of
carbonates rather than bicarbonates despite the fact that the
formation of bicarbonates (presumably) involves hydrolysis of
carbonates by means of the following reaction:>

CO;*” + H,0 — HCO,™ + OH"~

If the thermodynamics of the hydrolysis reaction were the
only factor determining adsorbate speciation, one would expect
increasing water concentrations to lead to higher bicarbonate-
to-carbonate molar ratios. The predominance of carbonates
under wet conditions, and bicarbonates under dry conditions,
appears to instead suggest factors other than the carbonate—
bicarbonate reaction equilibrium determining adsorbate
speciation.

The preferential formation of carbonate species in the
presence of water (depicted in Scheme 3) has been reported
widely in the open literature. Gankanda et al,*® for instance,
evidenced the progressive solvation of carbonates with
increasing relative humidities over copper and zinc oxide
nanoparticles by identifying unique infrared bands at 1385 and
1490 cm™' that increased in intensity relative to unsolvated

Scheme 3. Depiction of the Proposed Effect of Hydration on
the Free Energies of (Bi)Carbonates Formed through CO,
Binding onto Metal Hydroxide Surfaces
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carbonates. The preferential formation of carbonates has also
been proposed in the context of moisture swing adsorption
processes over jon exchange resins; these sorption systems
entail CO, adsorption under dry conditions and desorption
under humid conditions.”’ >’ The Chen group used molecular
dynamics simulations to study the effect of up to 10 molecules
of water per molecule of adsorbate on free energy changes for
carbonate—bicarbonate interconversion over ion exchange
resins containing quaternary ammonium salts. They reported
that the free energy of carbonates relative to bicarbonates
decreased monotonically with increasing surface water:carbon
ratios.”” They also deconvoluted the effect of solvation from
that of the carbonate—bicarbonate reaction equilibrium and
found that while both these surface species were solvatively
stabilized to a similar extent in the absence of water, solvation
preferentially stabilizes carbonate over bicarbonate species with
increasing water:carbon ratios.”® These simulations not only
point to solvation as being a predominant factor affecting CO,
speciation in confined environments but also suggest that the
stability of carbonates is affected more sensitively upon initial
addition of water molecules than surplus hydration provided at
higher water:carbon ratios. For instance, per these calculations,
preferential solvation ceases to affect carbonate stability above
a value of 20 molecules of water per carbonate ion.’®
Adsorbate valency also plays a determinative role in solvative
stabilization, as shown by Shi et al. in their study on the
hydrolysis of a variety of mono-, di-, and trivalent ions. Their
conclusion that the preferential solvation of carbonate species
extends to other divalent (and even trivalent ions), but not
monovalent ions, suggests that the difference in valency
between divalent carbonate and monovalent bicarbonate
anions could constitute a potential basis for the stabilization
proposed in our work.”> Analogies between CO, capture by
porous nickel hydroxides reported here and moisture swing
adsorption proposed by the Lackner group also extend to wet-
to-dry transients.”” Purging a sample under 400 ppm CO, and
2.1 kPa D,O with a stream containing 400 ppm CO, in the
absence of D,0 resulted in a monotonic decrease in carbonate
coverage and a concurrent monotonic increase in bicarbonate
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coverage (Figure 7b), suggesting that the stabilization of
carbonates at high water loadings is indeed reversible, akin to
moisture swing adsorbents that respond reversibly to changes
in humidity under isothermal conditions.*** Not only does
the adsorbate speciation mirror that observed in moisture
swing adsorption, but so do adsorption capacities, as evidenced
by the fact that a small but measurable amount of CO, (0.04
mmol CO,/g) is adsorbed upon switching from humid to dry
conditions (Figure S10). These results capture not only the
analogous nature of carbonate—bicarbonate interconversion
chemistry sensed in our experiments versus those reported
under wet conditions on other classes of sorbents but also
point to some intriguing differences between the adsorption
chemistry prevalent on nickel hydroxide surfaces under wet
versus dry conditions. Crucially, we note that the solvative
stabilization of carbonates under humid conditions has thus
far, been exploited solely for moisture swing applications, not
temperature swing adsorption applications that are more
commonly evaluated for direct air capture; to the best of our
knowledge, the data on porous nickel hydroxides reported here
represents the first instance of its application in realizing viable
temperature swing adsorption capacities for DAC applications.
Adsorption in the form of carbonates enables not only the
reversible adsorption of CO, at low temperatures but also
rapid adsorption kinetics and robust cyclic stability under
aggressive oxidative conditions, as discussed next.

In addition to equilibrium adsorption capacities, adsorption
kinetics that determine DAC working capacities are another
key performance metric, with rapid kinetics enabling shorter
cycle times and minimizing DAC costs.”" In fact, one of the
primary limitations of inorganic metal oxide or hydroxide
sorbents such as MgO and CaO is the slow room-temperature
adsorption kinetics that adversely affect the performance of
these materials. The PNH materials reported here, on the
other hand, exhibit uptake kinetics that compare favorably with
those of other classes of organic—inorganic hybrid sorbents
such as supported amines that represent the state-of-the-art for
temperature swing DAC applications. The average adsorption
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rate for a-NiCe,;(OH), calculated based on the adsorption
half-time compares favorably with values reported previously
for a variety of supported amine sorbents listed in Table
$1.°7% Note that the different techniques and flow conditions
used in these studies render quantitative comparison
challenging to conduct and limited in rigor; the data
nevertheless still strongly support the viability of practical
operation over nickel hydroxides with sufficiently fast
adsorption cycles. As shown in Figure 8a, adsorption uptake
rates are affected only slightly by the relative humidity of the
CO, feed stream, meaning that wet DAC feeds still benefit
from larger equilibrium capacities without an adverse effect on
uptake kinetics that could potentially result as a consequence
of adsorbed water multilayer formation. Water therefore
facilitates binding without inducing severe gas—liquid diffusion
limitations. An exception to this trend appears to be the data
point at the lowest relative humidity tested (27%).
Comparison of the breakthrough curves at different relative
humidities (Figure S11) indicates that the outlet CO,
concentration at the adsorption half-time is significantly higher
for the run at 27% relative humidity. A likely cause of these
poorer kinetics is the more gradual progression of the water
adsorption front at lower water vapor pressures, thereby
potentially leading to a larger fraction of the CO, being
adsorbed at later times in the breakthrough experiment when
high water loadings are accumulated on the sorbent surface. A
more detailed analysis of dynamic breakthrough phenomena is
needed in order to fully explain these trends in adsorption
kinetics. Crucially though, adsorption time scales consistently
remain of a similar order of magnitude as those exhibited by
supported amines, and orders of magnitude smaller than those
for many of the previously reported oxide sorbents that only
operate efficaciously at higher, but not ambient temperatures.

Cyclic stability of DAC sorbents under oxidative conditions
is another key factor determining sorbent lifetime and total
cost. Sorbents such as supported amine materials containing
organic components are inherently susceptible to oxidative and
hydrothermal degradation, for example at 75 °C after 12 h of
aging under air at 105 °C.°° Gebald et al. reported a 30% loss
in DAC capacity for amine-functionalized nanofibrillated
cellulose sorbents after treatment for 15 h under a humid
20% O, in N, stream at 90 °C.°” Carneiro et al. recently
suggested that the presence of water vapor can accelerate
oxidative degradation of alumina-supported PEI by a factor of
2 compared to that under dry conditions.”® Other potentially
irreversible side reactions such as urea formation and leaching
of organics further complicate the use of supported amine
sorbents despite their competitive adsorption capacities and
kinetics. PNHs are expected to serve as a highly robust
platform for cyclic experiments in the presence of oxygen given
the fact that surface oxygen/hydroxyl groups that capture CO,
are already rich in oxygen and hence less susceptible to
oxidation. a-NiCe,,(OH), exhibits excellent cyclability when
regenerated at 100 °C under a stream containing 2.1 kPa steam
and 20 kPa O, (Figures 8b and S12). Imperceptible extents of
degradation were observed over the course of 5 temperature
swing adsorption—desorption cycles, with the adsorption
capacity remaining stable at 1.25 mmol CO,/g. Adsorption
kinetics also remained robust to cycling, with the adsorption
rate remaining close to a value of 0.028 mmol g~! min~". The
consistent performance noted over 5 cycles despite the rather
aggressive hydrothermal and oxidative conditions used during
regeneration points to the potential for the a-NiCe,;(OH),
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samples tested here to be subjected to extensive cycling under
real-world DAC conditions.

Table S2 provides further comparison of the DAC
performance of our sample with other sorbents reported in
the prior literature.”®”**~”> The working capacity of a-
NiCe;(OH), is highly competitive with that of zeolites,
MOFs, and supported amine sorbents that have undergone
testing for water tolerance and cyclic stability. Complete
regeneration is achieved at a mild regeneration temperature of
100 °C in the presence of steam and oxygen, rendering it
competitive versus supported amine materials that are
hampered by oxidative degradation at elevated temperatures.
Zeolites oftentimes require temperatures greater than 250 °C
to achieve complete regeneration, with a few exceptions like
Zn-CHA that have been shown to exhibit 90% regeneration at
100 °C.>®”* The water tolerance of PNH samples used herein
bodes well from the standpoint of commercial application,
given that most physisorbents reported to date show either
significant competitive adsorption of water or limited hydro-
thermal stability (Table S2). Even SIFSIX-18-Ni-f—one of
the most water-tolerant MOFs reported—nevertheless shows a
57% drop in capacity under a relative humidity of 74%.” The
stable cyclic performance of PNH samples appears unprece-
dented in light of these prior studies, and could extend broadly
to other formulations within this novel class of inorganic
sorbents—sorbents that thus far appear to compare favorably
on every apparent performance metric of relevance to DAC
applications.

Aqueous miscible organic solvent treatment of nickelate
layered double hydroxide structures yields high-surface-area
porous nickel hydroxides (PNHs) that capture little CO,
under dry conditions, but exhibit competitive DAC capacities
when exposed to humid air streams. Both of the high-valent
dopants tested—Fe and Ce—result in an increase in areal
adsorption capacity under dry conditions, unlike under wet
conditions, where only doping with Ce results in DAC capacity
enhancement. Unlike many other classes of DAC sorbents, the
presence of humidity has a significant favorable effect on
equilibrium DAC capacities and a minimal impact on
adsorption kinetics for all PNH sorbents tested, with
adsorption kinetics shown to compare favorably with
supported amine sorbents heavily evaluated in the open
literature. The favorable effect of water on DAC performance
manifests over a wide range of mono- and multilayer water
coverages, and appears to originate from the preferential
stabilization of carbonates in the presence of adsorbed water.
Infrared spectra confirm the transformation of bicarbonate
species formed on PNH surfaces under dry conditions to
carbonate species under humid conditions, akin to changes in
adsorbate speciation in moisture swing adsorbents reported
previously. The cerium-doped alpha nickel hydroxide sample
reported here exhibits a DAC capacity of 1.25 mmol/g that
remains unaltered over S consecutive temperature swing
adsorption—desorption cycles in the presence of oxygen and
steam, successfully manifesting the high degree of hydro-
thermal and oxidative stability expected of sorbent formula-
tions that are purely inorganic in composition. This study—the
first one, to the best of our knowledge, to report robust, water-
tolerant DAC performance at close to room temperatures for a
sorbent that is purely inorganic in composition—demonstrates
the potential for circumventing the use of expensive,
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hydrothermally and oxidatively unstable organic components
for DAC processes currently constrained by prohibitively high
sorbent costs.

Porous a-Ni(OH), was synthesized using a coprecipitation method
adapted from a procedure for NiTi-LDH synthesis reported
previously by the O’Hare group.® In a typical synthesis, 7.29 g of
Ni(NO,),-6H,0 (Thermo Scientific, 98%) were dissolved into 20 mL
DI water to yield solution A, 0.6625 g of Na,CO; (Alfa Aesar,
>99.5%) were dissolved into SO mL DI water to yield solution B, and
4 g of NaOH (Thermo Scientific, >97%) were dissolved into 25 mL
DI water to yield solution C. The metal precursor solution A was then
added dropwise into solution B under stirring, with precipitates
forming almost instantaneously. Solution pH during precipitation was
monitored using a pH meter (P200, Environmental Express) and was
maintained within the 9—10 range by adding solution C. The
resulting slurry was stirred for an additional 15 h at room temperature,
followed by filtering and washing twice with 200 mL DI water and
once using 100 mL ethanol. The sample not subjected to AMOST
treatment—a-NiCe, ;(OH),-no AMOST—was obtained by drying
the obtained washed slurry overnight under vacuum at room
temperature. In the case of samples subjected to AMOST treatment,
the obtained wet solid products were dispersed into 500 mL ethanol
and stirred for 6 h. The final a-Ni(OH), product was obtained after
filtering and washing with 100 mL of ethanol and drying overnight
under vacuum at room temperature. The same synthesis methods
were used to obtain a-NiCe,;(OH), and a-NiFe;,(OH), samples by
adding appropriate amounts of Ce(NO,);:6H,0 (Acros Organics,
99.5%) or Fe(NO;);-9H,0 (Alfa Aesar, 98—101.0%), respectively,
into the metal precursor solution. The subscripts 0.1 and 0.2 represent
the target mole fraction of Ce or Fe of the total metal present in the
sample. The synthesis procedures of other materials used in this work
are described in detail in the Supporting Information.

Powder X-ray diffraction (PXRD), X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), nitrogen adsorp-
tion—desorption isotherms, water vapor adsorption isotherms, Fourier
transform infrared spectroscopy (FTIR), and CO, adsorption
microcalorimetry were performed to evaluate the physical and
chemical properties of materials. The detailed experimental
procedures for these experiments are described in the Supporting
Information.

A fixed-bed adsorption setup with a mass spectrometer (Cirrus-2,
MKS) downstream of the sorbent bed was used to obtain
breakthrough data. A schematic for the setup is shown in Figure
S1S. All adsorption capacities reported are equilibrium adsorption
capacities, unless specified otherwise. In a typical measurement, 0.05 g
of sample was loaded into a quartz tube (4 mm inner diameter)
supported by a piece of quartz wool. Prior to each breakthrough
measurement, the sample was thermally activated at 200 °C under a
50 mL min~" argon flow for 2 h to remove preadsorbed impurities
(water, CO,, and ethanol), after which the furnace was cooled down
to 25 °C. The breakthrough measurement was initiated by switching
the gas flow from an inert gas stream to a 50 mL min~! stream of 400
ppm CO, in nitrogen (N,) (Matheson, ultragrade). The experiment
was terminated when the outlet CO, concentration reached 97% of
the value of the inlet stream, and the corresponding adsorption
capacity was calculated by integrating the area between the N, and
CO, signals. A syringe pump (KD Scientific, model 100) was used to
introduce water vapor into the feed stream to closely simulate
ambient air. For cyclic tests, the bed was regenerated by switching the
gas flow from simulated air (400 ppm of CO,, balance N, at 50 mL
min~") to an inert purge gas (20.2 kPa O,, 2.1 kPa H,O, balance Ar at
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50 mL min™") at 25 °C, followed by ramping the furnace to the
desired desorption temperature at a ramp rate of 10 °C/min and
maintaining constant temperature for 2 h. The furnace was then
cooled to 25 °C for the next adsorption cycle.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c01083.

Detailed experimental procedures, XRD patterns, N,
physisorption isotherms, FTIR spectra, water vapor
adsorption isotherms, XPS spectra, breakthrough experi-
ment data, TEM images, schematic of fixed-bed reactor
setup, and tabulated literature data (PDF)
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