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Abstract: Amine-based scrubbing technique is recognized as a promising method of capturing CO> to
alleviate climate change. However, the less stability and poor acidity of solid acid catalysts (SACs) limit
its potential to further improve amine regeneration activity and reduce the energy penalty. To address
these challenges, here, we introduce two-dimensional (2D) cobalt-nitrogen-doped carbon nanoflakes
(Co—N-C NSs) driven by a layered metal organic framework that work as SACs. The designed 2D Co-
N-C SACs can exhibit promising stability, super-hydrophilic surface, and acidity. Such 2D structure also
contain well-confined Co—N4 Lewis acid sites and —OH Brensted acid sites to have a synergetic effect on
C-N bond disruption and significantly increase CO> desorption rate by 281% and reduce the reaction
temperatures to 88 °C, minimizing water evaporation by 20.3% and subsequent regeneration energy
penalty by 71.7% compared to the non-catalysis.

Key words: Solid acid catalyst, 2D nanoflakes, CO. capture, MEA regeneration, Energy efficiency
Synopsis: MOF-derived 2D nanoflakes with exceptional catalytic performance was constructed as a

robust solid acid catalyst to achieve energy-efficient CO> capture.

1. Introduction

Climate change caused by greenhouse gas (GHG) emissions represents an enormous threat to the
environment, economy, and society.® 2 Reducing global carbon dioxide (CO2) emissions to net zero by
2050 has become an urgent issue to limit the long-term increase of the average global temperature to
within 1.5 °C.3® Given current CO capture and storage (CCS) technologies such as solid sorbent
adsorption, membrane separation, and so on, amine-based chemisorption using monoethanolamine
(MEA), also known as "amine scrubbing,"” is one of the most preferred and applicable in a real-world
scenario due to its high capacity, maturity, and feasibility in controlling large volumes of CO.-containing
gases from industrial sources.®® In amine scrubbing process, MEA reacts with CO; to generate carbamate
(RNHCOQ") and bicarbonate (HCO3") in the absorber, which are then regenerated in the desorber. Due
to the highly endothermic reaction of N-C bond rupture in RNHCOO™ and restricted proton (RNH3" and

H30™) transfer in alkaline solutions, the water-based MEA solvent has to be regenerated at above
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110~130 °C to partially compensate for the low CO- desorption rate.® *° Such high temperatures require
overcoming the latent heat capacity of water, resulting in a regeneration energy penalty of up to 3.5-4.0
GJ/ton CO, and making MEA chemisorption technology unsustainable (the regeneration is an indirect
source of CO related to the use of fuels).!™ 2 In this respect, reducing the regeneration temperatures for
energy-efficient MEA (< 100 °C, the typical temperature for restricting water volatilization) is critical to
achieve commercial viable and energy-efficient CO2 capture.'®

The application of solid acid catalysts (SACs) has been proposed as an emerging cost-effective
strategy to considerably increase CO> desorption rates and reduce the regeneration temperature/heat duty
in the amine scrubbing process.!* Typically, the Bragnsted acid sites (BASs) present in SACs, such as —
OH, —SOsH, and —HPOs, are favorable to serve as proton donors, thus accelerating the proton transfer
processes in the CO,-loaded solvent.™>*” While Lewis acid sites (LASs), such as the unsaturated Co, Fe,
Zr sites, act as electron acceptors for the N and O atoms in RNHCOO™, thus catalyzing the N-C bond
rupture processes, further improving the rate of RNHCOO™ decomposition.*® ¥ A higher acid activity of
SACs can result in a higher efficiency of proton and electron transfer in the amine solvent.!* The
utilization of SACs, especially state-of- the-art acidified metal oxide (SO4>7/ZrOz, SO4>7/TiO,,
S04% /Fe304 and SO4>/Ce0,) and their molecular sieve composites (SO4>/MeOx-SiO2/HZSM-5/MCM-
41/SBA-15/SAPO-34), contribute towards a significant promotion of proton transfer and decrease of the
reaction energy barrier. These efforts enable an increase of MEA regeneration rates approximately
31%~153% while minimizing the heat duty by approximately 10%~30% in comparison with non-
catalytic amine regeneration at 98 °C.2% 21 With our previous research, we demonstrated that cobalt
species exhibited a favorable catalytic performance for CO desorption.?? Compared with the blended
amine, biphasic amine and ionic liquid that exhibit higher reaction kinetics while also higher volatility,
corrosivity and viscosity, the enhanced desorption rates by SACs enable a reduction of CO2 desorption
temperature and allow the conventional regeneration process to operate at temperatures below 100 °C,
which could minimize evaporation energy consumption and prevent MEA degradation.?® 2* However, the

effectiveness of such SACs is limited by their poor specific surface area, pore structure and durability
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under treatment with aqueous amine solutions.'*?® The three-dimensional hydrophobic surface with small
micropore size distribution of the SACs restricts the diffusion of polar reactants (RNHCOO™, RNHs" and
Hs0") in their to approach active sites.?® The active protonated sites of BASs are prone to leach in an
alkaline environment, and the metal species of LASs will rapidly aggregate with —NH> groups and
removed from activity, thus leading to the deactivation of the SACs.?” Therefore, although amine
regeneration using these SACs can increase the energy efficiency, the inaccessibility and deactivation of
the active sites must be suppressed in order to further promote energy-efficient amine regeneration
processes. Furthermore, the lowered regeneration temperature is still too high to minimize indirect CO>
emissions due to the usage of fuels to reach the required temperature, hence there are no benefits to
achieving Net Zero.

In previous work, we efficiently pyrolyzed bulk layered metal-organic framework (MOF) precursors
and subsequently exfoliated them into 2D cobalt-nitrogen-doped porous carbon nanoflakes (Co—N-C
NSs)?. The 2D nanoflakes are endowed with exotic reactant diffusion paths, accessible synergetic and
multi-functional active sites, and higher hydrophilic surface of host materials. Apparently, robust 2D
materials with hydrophilic and acidic surfaces can serve as promising candidates in the design of new
SACs.? 30 Therefore, rendering this 2D nanoflakes with efficient BASs and LASs is essential to further
promote their interaction with RNHCOO~, RNHs* and H3O™" guests.

Herein, we designed and exfoliated the 2D Co—N-C NSs with a large lateral size (~ 1pm) and 5 nm
thickness. The 2D Co—N-C NSs feature a highly dispersed and uniformly distributed Co—Ny structure,
Co® nanoclusters and —OH groups. The Co—Ny structure contains unsaturated Co acting as LASs with an
electron transfer capacity for RNHCOO™ decomposition; and partial Co® nanoclusters can act as magnetic
centers to enable magnetic separation providing an economically feasible industrial scale separation
process. The introduced —OH containing groups on the 2D nanosheets structure creates a super-
hydrophilic surface, which significantly improves the accessibility of reactants to approach the active
sites and function as the active BASs to donate protons during the CO> desorption processes. The acid

rich surface also enables high surface utilization and catalytic efficiency during the CO2 desorption
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processes. Additionally, the strong coordination effect of Co-Nx in Co—N—C NSs restricts the aggregation
between Co species with amino groups (—NH), preventing the active components from stripping away
from the catalyst surface and providing high stability. Compared to conventional SACs although the
concentration of Co—N-C NSs was 0.1wt.% and only 5~10% catalysts usage, Co—-N-C NSs achieved a
281% increase in desorption rate of CO, at 88 °C and a heat penalty reduction of about 71.7% when
compared to standard CO» desorption procedures that are around 98°C. This work provides valuable
insights into the development of efficient SACs for economically CO; capture.
2. Experiments
2.1 Catalyst synthesis

Herein, the Co—N-C NSs as described in our previous work is selected and further modified as SACs
for the CO2 desorption. Typically, taking the etching process of 3D MOF to 2D nanoflakes as an example,
Co-N-C NSs was obtained after leaching calcined MOF precursor in 4 M HNO3 and through
centrifugation at 10000 and 1000 rmp, respectively and then freeze-drying.The detailed synthetic method
can be founded in Supporting Information.
2.2 Characterization

The techniques such as X-ray photoelectron spectroscopy (XPS), X-ray absorption fine structure
(XAFS), Pyridine-adsorption infrared spectroscopy (Py-IR), ammonia temperature—programmed
desorption analysis (NHs-TPD), and one-dimensional (1D) *3C nuclear Magnetic Resonance (NMR) were
employed to characterize the catalyst and solvent. Details on characterization methods are given in
Supporting Information.
2.3 Catalytic performance evaluation

The rich MEA solvent regeneration experiment was performed by using a simplified batch reactor
as previous research??, All desorption experiments were conducted under the atmospheric pressure. The
quantities of desorbed CO, amount from the liquid sample were also measured by gas chromatograph
(GC). The CO2 concentrations and desorption temperature of the CO2-rich MEA solution was recorded

during the CO> desorption process. The CO2 loading of the liquid sample and CO: desorption rate were
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obtained by converting the measured data from GC workstation. Details on catalytic performance
evaluation are exhibited in Supporting Information.
3. Results and Discussion

3.1 Synthesis and characterization of Co—N-C NSs
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Figure 1. (a) Schematic presentation of the Co—C—N NSs fabrication process; (b) SEM, TEM and Energy-
dispersive X-ray spectroscopy (EDX) element mapping images of Co—C—N NSs and (c) ScanAsyst-mode
AFM topography of Co-N-C NSs.

The MOF-NSs were selected because the layered MOF structure can be diverse and tailored from an
extensive MOF library.3 32 The fabrication method of Co-N—C NSs is given in Figure 1a. Using this
method, a layered Co-bpy MOF precursor was synthesized from the assembly of 4,4'-bipyridine and
cobalt (11) chloride hexahydrate. Scanning electron microscopic (SEM) images (Figure S1) indicated that
the Co—bpy possessed a structure containing uniform cylinders stacked with cuboids. Notably, the cobalt
species were separated from the nitrogen-containing backbone as carbonization proceeded, leaving the
heterocyclic nitrogen rings to fuse and stack around the residual cobalt species. 2D Co—N-C nanoflakes

were obtained by using a novel exfoliation strategy via metal etching rather than conventional liquid phase

6
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exfoliation that relies on only sonication.®®* As shown in Figure 1a: i) upon carbonization at 500 °C under
Argon, the tight layered Co-bpy crystal bundles were transformed into hierarchical Co/N-doped layered
porous carbon derivatives, which intercalated with a metallic Co layer (Co-N-C@Co); ii) the
microporous and laminated Co—N-C structure was obtained by etching the cobalt metal layer with
oxidative HNOs acid, and, this acid treatment process could simultaneously introduce abundant oxygen-
containing functional groups;3* iii) the Co—N—C structure was then further exfoliated in isopropyl alcohol
to yield Co-N—C NSs with ultra-hydrophilic 2D surfaces.® The Co—-N—C NSs possessed an open structure
comprised of Co-N-C@Co (Figure 1b). More details on the morphology of the prepared catalysts are
provided in Figure S1.

The 2D sheet-like Co—N-C NSs nanoflake structure was confirmed using transmission electron
microscopic (TEM) images given in Figures 1b and S2. Identical to the TEM observation, the atomic
force microscopy (AFM) image in Figure 1c also indicated that the Co—N-C NSs were isolated and
depicted a surface morphology of approximately 1 pm lateral size and 5 + 0.5 nm thickness. The elemental
mapping images indicated uniform distributions of Co, N, and C atoms in the Co—N-C NSs layer.
Considering the leaching of the partial Co layer might be buffered by the carbon coating layer, the
intercalated metallic Co species cannot be completely removed and form Co nanoclusters during the
etching process.®® The Co nanoclusters can be decorated on to the Co—-N—C NSs surface with a size of
about 12 nm. The Co nanoclusters’ interplanar distance was measured to be ~0.18 nm, matching the d-
spacing of (101) planes of metallic Co® which confirmed a well crystalized Co structure.’” The X-ray
diffraction (XRD) pattern, Figure 2a, exhibited characteristic diffraction peaks at approximately 26.3°,
44.4°, and 47.5°, which were assigned to the typical (002) interlayer from graphite carbon and Co
nanoclusters (111 and 101) planes, respectively.®® 3% The average size of the Co nanoclusters calculated

using the Scherrer equation were 11.8 nm, in agreement with the TEM and mapping results.
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Figure 2. Structural characterization of Co-N-C NSs catalyst: (a) XRD pattern; (b) XPS spectra of Co
2p, N 1s, and C 1s; (c) Co K-edge XANES and (d) Fourier transform EXAFS spectra; (e) magnetic layer
hybrids and magnetization curves; (f) Raman spectrum; (g) NHs-TPD curves; (h) Py-IR analysis; (i) water
physisorption isotherms (inset: water contact angle).

X-ray photoelectron spectroscopy (XPS) was used to investigate the surface chemical composition
of the catalyst as well as the valency states of the constituent elements. Figure 2b displays peaks at 779.9
and 781.1 eV, which are associated with metallic cobalt (Co®) and bivalent cobalt (Co?").3" %% The
concentration of Co species from XPS was determined to be 2.26 wt.% Co, comprising 1.52 wt.% Co?*
and 0.74 wt.% Co° which agreed with the ICP-OES and EDS results of 2.35 and 2.79 wt.% Co,
respectively (Table S1). A sub band centered at 531.4 eV corresponding to surface-adsorbed oxygen
species (Oa) was observed in Figure S3b, primarily pertaining to the oxygen-containing —OH functional

groups produced through the HNOs etching process.*t Additionally, the N 1s and C 1s spectra were
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analyzed to explore the Co coordination environment. The obtained XPS spectra indicated that the
pyridinic-N species in metal nitrides (Co—Nx moieties, 398.5 eV) and sp-bonded carbon in N- and O-
containing aromatic rings (C-N-C and C-O-C, 285.5 eV), implying the formation of Co—Nx-C
coordinate structural geometry.*?-** These results were further confirmed by X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopy. The Co near-
edge position in Co—N-C was between that in Co foil and in CoO, as illustrated in Figure 2c, indicating
that the average valence state of Co was intermediate between Co® and Co?*. The linear combination
fitting results revealed 27.9% Co® and 72.1% Co?* in Figure 2d, which agreed with the XPS results. The
peaks at 1.5 and 2.0 A in the Co EXAFS spectrum can be assigned to metal-nitrogen (Co—N) and metal—
metal (Co—Co) coordination, respectively.*> 4 The EXAFS fitting results shown in Table S2 revealed that
the Co—N coordination number is 3.8, which approaches 4, whereas the Co—Co coordination number was
6, confirming the existence of Co—N4 and Co nanoclusters.*” Therefore, the Co species in the Co-N-C
NSs are composed of two bifunctional components: Co?* species interacting indirectly with four N atoms
and metal-metal coordinated Co°. Typically, Co?" (from Co—Nx moieties) in cooperation with —OH
groups can serve as LASs and BASs and thus exhibit a primary catalytic role in CO, desorption, whereas
Co® provide a magnetic aspect for the recovery of Co-N—C NSs. Given the large amounts of equipment
needed, damage of catalyst and high running costs in conventional gravitational and centrifugal separation,
magnetic catalysts can be easily separated and recovered from a heterogeneous system.*® A magnetic
separation experiment of Co—N-C NSs is shown in Figure 2e. The measured saturation magnetization of
the Co-N-C NSs at room temperature was 20 emu-g !, which was sufficient for efficient magnetic
separation.*® As shown in the inset, Co-N—C NSs could be separated rapidly from the solution upon
exposure to an external magnetic field.

The Raman spectrum of the Co—N—C catalyst, Figure 2f, had peaks located at 1578 cm™ (G band)
and 1357 cm™ (D band). The Io/lc area ratio is 3.63 for the Co—N—C catalyst, indicating the amorphous
nature of the Co—N—C and the presence of carbon defects arising from the high N and O doping.>® Notably,

these N or O atoms with lone pair of electrons might enable more polarity on the Co—N—C surface, thus



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

enhancing the hydrophilicity of SACs and assisting the MEA regeneration by inducing the proton H
transfer via hydrogen bonding. Figure S4 shows the Fourier transform infrared (FTIR) spectra of the Co—
N-C catalyst. The FTIR spectrum of the Co—N-C NSs exhibits three characteristic absorption bands at
>3000 and 1200-1800 cm?, which were attributed to the stretching mode of the N—H bond, stretching
modes of heterocycles, and the breathing mode of the benzene ring, respectively.>! The amide | band at
1600 cm™* and pyridine band at 1380 cm™ suggest the formation of covalent bonds in the Co-N-C
catalyst, resulting in good stability.>2

The density and strength of the acid sites on the Co—-N-C NSs were determined by ammonia
temperature—programmed desorption analysis (NHs-TPD) and the parameters are displayed in Figure 2g
and Table S3. The desorption peaks at temperatures less than 300 °C were assigned to weak acid sites,
and those in the range of 400—800 °C were assigned to strong acid sites.?! The Co-N-C NSs exhibited
desorption peaks at temperatures of 99 °C and 246 °C assigned to weak acid sites, with an acidity of 1.349
mmol/g. The presence of two desorption peaks at 467 °C and 670 °C, as well as a higher values of strong
acid sites with 1.352 mmol/g, indicated that the Co—N—-C NSs had a greater number of strong acid sites
than previous catalysts.?® The pyridine-adsorption infrared (Py-IR) technique was used as a qualitative
probe to distinguish the acid site types (BASs and LASS) in the Co—-N-C NSs catalyst (Figure 2h and
Table S3). The typical characteristic of BASs was observed at 1492 and 1545 cm™ and that of LAS at
1444, 1492 and 1604 cm™ in the Py-IR spectrum, indicating the existence of unsaturated metal ions
exposed on the surface of the catalysts and available H-bond donor sites from the surface —OH groups.*°
The numerous BASs and LASs as well as the B/L ratio (0.12) of Co—N-C NSs were caused primarily by
the introduction of a high number of —OH groups (BASs) via the HNO3 etching procedure, and the
accessible and abundant active Co—Nx (LASs). BASs and LASs associated with enhanced proton and
electron transport are anticipated to contribute to higher catalytic efficiency and CO2 desorption.

In addition, Figure 2i shows the low-pressure water physisorption isotherms of the prepared Co—N-
C catalysts. Together with the N2 adsorption—desorption isotherm results in Figure S5, the high specific

surface area (108.5 m2-g 1), high uptake (9.3 mmol-g %) of H,O at 25 °C and pore volume (0.106 cm®/g)

10
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over the Co-N-C NSs confirmed their unusual hydrophilic nature and the existence of rich
microporosity.3* As shown in the inset, contact angles of 15.8° and 17.2° were observed on the Co-N-C
NSs at low pressures, which outperforms the widely used commercial carbon catalysts of 138° and 137°.
The superhydrophilic surface of the Co—N-C NSs catalyst can be ascribed to the large number of
hydrogen bonding =N- and O-doped active sites, which enables their highly efficient accessibility with
polar guests RNHCOO™, RNH3* and H3O", and results in the promotion of proton transfer and subsequent
CO; desorption.>

3.2 Catalytic performance of Co—N-C NSs
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Figure 3. Catalytic properties of as-prepared catalysts in 5 M MEA solution: (a) CO2 absorption curves
with Co—N-C NSs; (b) CO- loading change curves at 88 °C; (c) CO2 desorption (des.) rate; (d) CO2
desorption (des.) rate compared with non-catalytic property in different temperature; (e) amount of

desorbed (Des.) CO2 and relative heat duty; (f) recyclability test results for Co—N-C NSs (des. CO-
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amount was recorded at 180 min); (g and h) Raman spectra of solutions at different times during the CO>
desorption experiments without and with catalyst.

The catalytic activity of the as-prepared samples on CO; absorption and desorption for the 5 M
(mol/L) MEA solution was evaluated in terms of CO2 loading as well as the amount and rate of CO>
desorption in Figure 3. In general, BASs and LASs can serve as proton donors and acceptors to facilitate
the formation of RNH3;™ and RNHCOO™ during the CO; absorption process. Furthermore, because of the
increased collision disturbance between particles and the gas—liquid barrier, CO2 mass transfer resistance
can be diminished.®® * Thus, Co-N-C NSs equipped with strong acidity and 2D structure could
significantly alter the CO> absorption breakthrough curves. Figure 3a shows the catalytic CO2 absorption
with and without Co—N-C NSs for 5M MEA solution with a gas mixture of 50 vol.% CO; and 50 vol.%
N2 at a flow rate of 400 mL-min . The breakthrough value was defined as absorbed CO, amount at a time
that the CO> concentration in the reactor outlet was 10% of the feed concentration. The breakthrough time
without catalyst was 46 min, which was consistent with that of ~43 min observed by Lai.** While, Co—
N-C NSs increase the breakthrough time to 63 min, approximately 37% improvement compared with the
non-catalytic absorption. Accordingly, the absorbed CO2 amount at breakthrough also increased from 395
mmol to 504 mmol, suggesting that the CO> absorption efficiency was increased 28% by adding Co—N—
C NSs.

Excellent CO; desorption is crucial in CCS technology due to energy economy.*® The CO2 desorption
performance of the various catalysts was evaluated by heating 5 M CO»-rich MEA solution with initial
CO2 loading at 0.53+0.01 mol of CO2/mol amine at 88 °C. An optimal concentration of the catalysts was
set as 0.1 wt.% for Co-N-C @Co and Co—N-C NSs and 1 wt.% for recently reported ZrO», TiO, and
HZSM-5 (Figure S6b). Figures 3b-c indicates an enhancement of the CO> desorption Kinetics using the
above catalysts. The Co—N—C NSs catalyst exhibited the best catalytic activity among all the catalysts,
much better than ZrO», TiO., HZSM-5 and Co—N-C@Co. The most favorable catalytic CO> desorption
rate of 8.9 mmol/min of Co—N-C NSs was 281% higher than the non-catalytic process at 88 °C. After the

COg2 sorption reached breakthrough, the component change of the CO2-loaded MEA solution in the CO-
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desorption process during the first 60 min was further monitored by Raman spectroscopy as shown in
Figure 3g-h. The higher peak intensity of RNH>" and RNHCOO™ at the initial time confirmed that Co—
N-C NSs were favorable to increase the CO> absorption efficiency. The typically peak intensities of
HCOs~, COs*", RNH2* and RNHCOO™ during catalytic CO, desorption noticeably decreased, suggesting
that the addition of Co—N-C NSs was beneficial to the MEA regeneration and thus quickly enhanced the
reaction kinetics.®® > Additionally, the temperature corresponding to the highest desorption rate shifted
to lower values in Figure 3c, implying that a new catalytic path with low activation energy was obtained
for carbamate breakdown. As shown in Figure 3d, the Co—N-C NSs catalyst exhibited similar CO;
desorption rate compared with the non-catalytic one of approximately 9.3 mmol/min at 98 °C. Thus, the
addition of Co—N-C NSs catalyst enabled a decrease of CO> desorption temperatures reduced by 10 °C.
It is worth noting that the expensive CO> desorption step in conventional CO; capture technologies that
operate at higher temperatures is primarily caused by the high specific and latent heat capacities of
water.”> ° As a control, Figure S7a investigates the volatilization of amine solution at different
temperatures. The results indicated that the volatile liquid substantially decreased by 20.3% when the
temperature decreased from 98 °C to 88 °C. From Table S4, the 20.3% decrease of volatile liquid from
98 °C to 88 °C enabled a substantial reduction in the heat duty of approximately 71.7% for CO; capture.
Moreover, 3C NMR was used to investigate the components of the volatile liquid at 88 °C and 98 °C
(Figure S7b). From the spectra of fresh 5M MEA and CO2-rich MEA, negligible peaks were observed in
the spectra indicated that the volatile liquid at 88 °C was mainly composed of water, while insignificant
amine peaks were detected in volatile liquid at 98 °C.%® Consequently, the decreased desorption
temperature at 88 °C using efficient Co-N-C NSs catalyst could decrease the evaporation energy
consumption and suppress MEA degradation at high temperatures.

Figure 3e compares the relative heat duty percentages as well as the CO, desorption amount of the
various catalysts. Because the desorption rate after 60 minutes was similar in Figure 3c, the desorbed CO>
quantity at 60 minutes was used as a reference. Together with the results presented in Table S4, Co-N-C

NSs exhibited the best catalytic activity, with an approximate 83.5% increase in the CO desorption
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amount, and 42% decrease in heat duty when compared to the reaction without catalysts at 88 °C; and
71.7% decrease in heat duty when compared to the reaction without catalysts at 98 °C. As shown in Figure
S8, although the concentration of Co—N-C NSs was 0.1wt.% and only 5~10% of previous SACs, Co—N-
C NSs achieved the most improved catalytic activity, which was a ~10-fold enhancement in efficiency
compared with the solid acid catalysts from previous heterogeneous catalysts. Moreover, Figure S9 and
Table S5 indicated an improvement in efficiency and energy of typical amine (including: diethanolamine,
methyldiethanolamine and their combination) under Co—N-C NSs catalysis, further identifying the better
versatility of this catalyst. In addition, the recycling stability of Co—-N-C NSs was determined using 20
cycles of absorption—desorption. As shown in Figure 3f and S10, negligible or no decrease in catalytic
performances were observed after 20 cycles within 3600 min, including CO2 desorption amounts, CO>
desorption rate, desorbed CO2 amount and regenerative energy. The 20" recycled Co-N—C NSs catalyst
was characterized through ICP, XPS, and HRTEM (Figure S11 and Table S6). The results indicated
negligible leaching of Co?* at 0.0012 wt% and good structural integrity after multiple regenerations,
indicating the excellent stability of Co—-N-C NSs at high regeneration temperatures. To confirm the high
stability of Co?* species, the contact interface between Co and Nx (x=1, 2, 3, 4) was calculated based on
DFT calculations. As suggested by Figure S12, the Co?* cohesive energy (Ec) increased with increased
coordinated N atoms, suggesting that the generation of Co—N4 species in the Co—C—N NSs is beneficial
for its stability and might help restrict the aggregation between Co species with -NH2> groups, thus
stopping the active Co?* components stripping away from the surface of catalyst.>®
3.3 Theoretical MEA regeneration mechanism

The catalytic performance with Co® and Co?* ions in CO-riched MEA solvents was evaluated by
combining the density functional theory (DFT) calculation of the carbamate decomposition on Co°
nanoclusters and Co-Ng active sites (Figure S6a and S15). The results indicated that the presence of Co?*
instead of Co? species of Co-N—C NSs accounted for a significant acceleration of MEA regeneration. In
order to determine the enhanced carbamate decomposition catalyzed by Co—Na4 and —OH acid sites of Co—

N-C NSs at an atomic level, DFT calculations were employed in Figure 4 and S14. According to the
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traditional zwitterion mechanism in Egs 1-2, the rich MEA solution regeneration process without catalysts
involves two steps, including the N-C rupture of carbamate (RNHCOQ") by reacting with H;O* and
amine-H* (RNHz3") deprotonation after reacting with H>O. The non-catalytic reaction pathways were
investigated and detailed in Figure 4a. The O atom of RNHCOO™ first reacts with protonated HzO". An
isomerization process where proton hydrogen transfers from O to the N atom occurs, leading to the
acceleration of N—C rapture and generation of CO> molecules. H>O serves as proton receptors and react
with proton carrying species RNHs* and form MEA (RNH2) and H3O*. These results indicate that proton
transfer between RNHCOO™ and HsO* or MEAH" and H>O is the rate—determining step with high energy
barriers (1.46 and 1.09 eV, respectively). The restricted proton transfer in alkaline solutions results in a
high energy input for the decomposition of RNHCOO™ to CO..

RNHCOO ™ + H;0" «+ Zwitterion <+ RNH, + CO, + H,O (1)
RNH7 + H,O/HCOj3; <> RNH, + H;0"/H,CO; @)

Based on results obtained from this study, Co-N4 LASs and —-OH BASs could be used as active sites
to synergistically facilitate the CO desorption rate and decrease the energy penalty. The electronic
properties of the RNHCOO~ were first calculated to investigate the potential reaction mechanism. As
shown in Figure S14a, the negative Bader charge value of N (-1.12 €) and O (-0.97 e) indicates the
nucleophilicity of N and O atoms of RNHCOO™. Considering the electrophilicity of the Co species of
Co—-N4 LASs, it could be assumed that the reactions between RNHCOO™ with Co—N4 LASs are involved
in two pathways, corresponding to interaction by the N—Co bond (path I) or the O—Co bond (path 11). The
optimized absorption structures in Figure S14-c indicated that the lengths of the N-C bond of RNHCOO~
connected with the Co atom by the N—Co bond increased slightly, whereas when connected by the O-Co
bond they decreased. These results suggest that the chemically reactive N-Co intermediate between
RNHCOO™ and Co-N-C NSs can weaken the covalent interaction of the N—-C bond and thus plays an
essential part in the N-C bond rapture and CO> desorption. The charge difference density of RNHCOO™
connected with the Co atom of Co—N-C NSs in Figure S16 further indicates a decreased charge density

around the nucleophilic N of RNHCOO™, while an increase around the oxycarbide is observed. The
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weakened charge density between N and C atoms indicates a reduction of energy required to break the
N-C bond.

To further understand the extraordinary MEA regeneration activity of Co-N-C NSs, the
aforementioned two reaction pathways of RNHCOO™~ decomposition on Co—Ny and —OH sites are detailed
in Figure 4b and 4c. Typically, for catalytic path I in Figure 4b, RNHCOO™ is first adsorbed on the
catalytic surface, and its N atom is then directly attacked by Co—Nx sites and its O atom is connected with
proton bearing species —OH sites, resulting in a decrease of charge density between N and C atoms and
subsequent increase of N-C bonds. Afterward, an isomerization process where proton hydrogen transfers
from O to the N atom occurs, leads to the further acceleration of N—C rapture and generation of CO-
molecules. Then, the formed MEA (RNH2) molecule desorbs from the surface and the residual proton-
deficient O sites further react with proton containing species RNHs*. The overall reactions are given in
Eqgs 3-4. Compared with the non-catalytic process in Figure 4a, -OH BASs instead of HsO" served as
proton donors and proton-deficient O sites instead of H2O serve as proton receptors in this catalytic
process. The rate-determining steps in Figure 4b are the proton transfer and RNH2 molecule desorption,
which require an energy barrier of 1.32 and 0.41 eV, respectively. However, for the MEA regeneration
in catalytic path Il, the main difference from the catalytic path | was the adsorption of RNHCOO™ to the
catalyst surface. The adsorbed RNHCOO™ resulted in a higher energy barrier (2.58 eV) when its N atom
is attacked by protons to generate CO2 molecules. Consequently, the resistance of MEA regeneration in
catalytic path I is lower than that of non-catalytic processes at 0.14 eV, which explains the excellent
performance of solid acid catalysts and implies that the energy required for CO, desorption can be
substantially decreased. The catalytic N-C bond rupture and proton-donating ability of the catalysts are
the major factors influencing the energy requirement for the decomposition of RNHCOO™ to CO». The
easily accessible Co-N4 LASs on the catalyst surfaces serves as accelerants for N-C bond rupture,
whereas the abundant —OH BASs served as proton donors, thereby accelerating the transformation of
RNHCOO™ into MEA and CO; thereby reducing the energy required for CO2 capture.

RNHCOO™ + H_Cat. <+ Zwitterion <> RNH, + CO, + * Cat. 3)
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RNH3 + * Cat. <+ RNH, + H_Cat.

(4)

H-Cat. and *-Cat. denote the BASs and proton-deficient conjugate base sites on the Co—N-C NSs,

respectively.

a. MEA solution regeneration process without catalysts
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Figure 4. Relative energy and mechanism of action of the various species along the reaction pathway of

MEA regeneration: (a) non-catalytic process, catalytic reaction with Co—N-C NSs under (b) path I and

(c) path I1.

3.4 Environmental Implications

CO2 capture and storage (CCS) technique via amine-based chemisorption using MEA absorbents by

the formation of C—N bond holds the key to address global warming and climate change. This amine
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scrubbing method has become the most cost-effective method for CCS, since it is possible to scale up the
approach for real-world scenarios to treat tons of CO-containing gases. For example, engineering,
construction, and service companies or leaders in power generation are significantly invested in this
technology, which can be envisioned as a retrofit or add-on to existing power plants. The investigated
Co-N-C NSs can lower regeneration temperature to minimize indirect CO2 emissions due to the usage
of fuels to reach the required temperature, hence enables power plants to achieve net zero carbon
emissions. In summary, our study provides an energy-efficient CO2 capture pathway as well as a detailed
understanding of the catalytic process, which can be used to provide predictive guidelines for the
development of new nanomaterials, particularly metal-containing 2D MOF-mediated carbon structures,

for MEA regeneration in CCS, and for other electrocatalytic and photocatalytic reactions.
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