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Experimental and Characterization

Chemicals

The following materials were purchased commercially and used as received: DMSO-d6 (Alfa-Aesar, 99.5 atom %D),
2,5-pyridinedicarboxylic acid (Alfa Aesar, > 98.0 %), 1,4-benzenedicarboxylic acid (Aldrich, 99 %), 4,4’-bipyridine
(Chem. Inpex International, 99 %), 2-methylimidazole (Alfa, Aesar, 97 %), pyridine (EMD, ACS grade),
Zn(NOs),*6H,0 (Alfa Aesar, 99 %, metal basis), N,N-dimethylformamide (EMD, ACS grade), chloroform (Alfa-Aesar,
ACS grade, > 99.8 %), methanol (BDH, ACS grade), hydrochloric acid (EMD, ACS grade, ~37 %), nitric acid (Sigma-
Aldrich, ACS grade, ~70 %), and 4-aminobenzenesulfonamide (Sigma-Aldrich, 98 %).

Synthesis of Zn-MOFs

All Zn-MOFs were synthesized using a solvothermal method. For the synthesis of Zn-MOFs, optimized molar
amounts of organic linker and Zn(NOj3),*6H,0 were dissolved in specific amount of solvent (Table S2). This mixture
was heated at predetermined temperature and time in a Schott Duran bottle under autogenous pressure (Table
S2). After cooling to room temperature, the liquid was decanted, and the resulting crystals were filtered and
washed with fresh DMF several times to form as-synthesized Zn-MOFs. The successful synthesis of BMOF-BDC and
ZIF-8 was confirmed by their XRD patterns, which were in good agreement with those simulated (Fig. S8, CCDC No.:
255614 for BMOF-BDC; 602542 for ZIF-8).

Supercritical CO, extraction (Sc CO,) process

As-synthesized ZnMOF-PDC materials were desolvated using a Sc CO, process based on a modified procedure
previously reported by Kim and co-workers." Prior to carrying out Sc CO, process, a guest solvent filling the pores
of the as-synthesized ZnMOF-PDC material was exchanged using chloroform under ambient condition (once per
day) for three days. In a typical Sc CO, process, 0.1 g of chloroform-exchanged ZnMOF-PDC material was loaded in
a 20 mL vial and transferred into a stainless steel autoclave reactor (Parr 4590) manipulated by PID controller. The
reactor was purged with 2 MPa of gaseous CO, three times before it was pressurized to 6.2 MPa of CO, at 25 °C
without stirring. Then, the reactor was heated to 150 °C, resulting in a pressure of 7.5 MPa inside the reactor. This
temperature and pressure indicated an atmospheric transformation of the reactor from a gaseous CO, to a
supercritical CO,. After holding the reactor under this condition for 30 minutes, the pressure was slowly released

to 0 MPa (gauge pressure) before the temperature was cooled to 25 °C.
Preparation of carbons

As-synthesized Zn-MOFs were loaded into a tube furnace and subjected to the pyrolysis under the following

condition: 30 mL min™ of Ar flow, heated at a ramp rate of 10 °C min™ to 1000 °C, and then held for 6 hours, which
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resulted in the formation of Cy materials, where X denotes the parent ZnMOF-PDC material prior to the pyrolysis
(e.g., Cpyr-1 derived from as-synthesized Pyr-1). Carbon materials were also derived from other N-incorporating Zn-
MOF materials (BMOF-BDC and ZIF-8) under the identical condition as that to prepare Cyx materials. These were
denoted as Cy, where Y indicates the parent Zn-MOF material prior to the pyrolysis (e.g., Czrg derived from as-
synthesized ZIF-8). It should be noted that, instead of using a low pyrolysis temperature (< 910 °C) that requires
severe HCl etching to eliminate Zn by-products, we used 1000 °C as the pyrolysis temperature for the in situ
elimination of Zn via evaporation, thereby minimizing the chance to neutralize Lewis basic N species with the

. . 2,3
partial collapse of porous carbon architecture.”
Characterization

The surface areas and pore volumes of materials were estimated via the adsorption of N, at -196 °C using a
Quantachrome NOVA 2200e. Materials were dried under 10° Torr dynamic vacuum at 125 °C overnight. Surface
area of materials was estimated using nonlocal density functional theory (NLDFT), giving the value of Sy, prr, While
taking account of pressure range of 1x107 < P/P, < 1.0. Pore volume (Veore) of materials was also evaluated using
NLDFT under the assumption that all pores were slit-shaped nanopores. X-ray diffraction (XRD) pattern was
acquired using a D8 Advance Davinci diffractometer operated at 40 kV and 40 mA with monochromated CuKa
radiation (A = 1.5418 A) at a scan speed of 0.75 second per step and a step size of 0.02° per step. "H-nuclear
magnetic resonance spectroscopy (1H-NMR) analysis was performed on a Bruker AVANCE Il HD 400 using DMSO-
d6 as an analysis solvent. Scanning electron microscopy (SEM) analysis was performed on a Magellan 400. High
resolution transmission electron spectroscopy (HRTEM) analysis was conducted on a FEI Titan Microscope with an
operating voltage of 30 keV. The carbon material was suspended in an acetone and dispersed onto a copper grid
supported on a holey carbon prior to the dryness under vacuum overnight for HRTEM analysis. X-ray
photoelectron spectroscopy (XPS) analysis of carbons was performed using a PHI VersaProbe Il X-ray photoelectron
spectrometer. Each measurement was done under ultra-high vacuum (10'8 Torr) with a carbon dispersed on
double sided carbon tape. The binding energy of the C 1s shell of amorphous carbon was employed as a reference
located at binding energy of 284.5 eV. Thermogravimetric analysis (TGA) was performed using a Mettler-Toledo
TGA/DSC STAR System under a N, atmosphere. Elemental analysis (EA) of carbons was carried out on a ECS 4010
(Costech Analytical Technologies, Inc) to obtain the bulk contents of C, H, and N. A tin capsule (3.3x5 mm, CE
Elantech) was used to load the carbon (2-3 mg), where contents of C, H, and N were unknown. 4-
aminobenzenesulfonamide (41.85 wt. % of C; 4.68 wt. % of H; 16.27 wt. % of N) was applied as an external

standard to generate calibration curves for these components.

Structural refinement of BPyr-1 via single crystal XRD analysis
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The structure of BPyr-1 was elucidated via single crystal X-ray diffraction (XRD) analysis. Refinement details and

data for the structural determination of ZnMOF-PDC iso-structural to BPyr-1 can be found in our previous study.4
Quantification of the molar amount of DMF innate to ZnMOF-PDC materials

The molar amount of DMF (x) incorporated into the base unit (Zn,(PDC),(DMF),) of ZnMOF-PDC materials was
determined based on "H-NMR spectra of these materials digested using 1M HCl solution. For their digestion, 10 mg
of ZnMOF-PDC material was dissolved in 0.5 g of HCl solution. After 10 minutes, in which ZnMOF-PDC material was
completely decomposed to form clear solution, 0.5 g of DMSO-d6 was added. The resulting solution was analyzed
using 'H-NMR spectroscopy. Based on one of protons present on PDC (organic linker of ZnMOF-PDC) after the
digestion assigned as ‘c’ in Fig. S2, the molar amount of DMF (x) could be obtained by averaging two values
calculated using the equation (1) and (2). This measurement of each material was conducted twice to get an

average value of x.

2H (moles of 'c") o area of '3’ L
area of 'c’ 1H (mole of '3") M

I

mole of DMF using peak assigned as '3

2H (moles of 'c") N area of '1& 2’
area of 'c’ 6H (moles of '1& 2")

mole of DMF using peaks assigned as '1& 2" = (2)

The molar amount of DMF incorporated into the base units of ZnMOF-PDC materials was also estimated using
TGA analysis under an air atmosphere (10 mL min‘l). Based on the fact that ZnO was obtained as the final residual
at high TGA temperatures (Fig. S4b), we calculated the amount of Zn (wt. %), which corresponded to the Zn

contents included in the specific base unit (Zn,(PDC),(DMF),) of ZnMOF-PDC materials (Table S3).
Low pressure CO, uptake measurements

CO, (99.99 %, Airgas) adsorption isotherms of carbons over the relative pressure (P/Py) range between 1x10” to
1.0 were obtained on a Micromeritics ASAP 2020 instrument. The carbon was loaded into a bulb, capped with a
TranSeal, and thoroughly degassed at 150 °C for 4 hours until the outgas rate was below 0.001 mmHg min™. After
degassing the carbon, it was transferred into an analysis port, soaked in Dewar filled with D. I. water, iced D. I.
water, or NaCl combined with iced D. |. water, and analyzed at 24 °C, 2 °C, or -10 °C, respectively. The retention of
a bulb temperature was confirmed using a thermometer showing the deviation of temperature was £ 0.5 °C

throughout the entire analysis.
Estimation of isosteric heat of CO, adsorption

Isosteric heats (-Qg7) of CO, for carbons were evaluated using their adsorption isotherms measured at -10, 2, and

24 °C. The isotherms of these carbons were best-fitted using the Toth equation (3) composed of two parameters,
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such as ¢ (bar') and d describing the surface heterogeneity.® In (3), N, and N,, denote the absolute and maximum
amount of CO, adsorbed, whereas P indicates pressure (bar). Values of -Qg for these materials were then
determined using Clausius-Clapeyron equation (4),4’7 in which fitted parameters were applied to obtain values of
In (P) at the same value of N, measured at three different temperatures in these materials (Fig. S12 and Table S4).
In (4), P, indicates the pressure at T;, whereas P, indicates the pressure at T,. R denotes the ideal gas constant
(8.3145 ) (K-mol)'l). The Toth equation gave three values of —Qgr at specific value of N, for each carbon due to the
nature of c and d that are dependent on the measurement temperature.s’ ® These three different values of —Qg; for

each carbon were then averaged to depict the change of —Qg; with the value of N, (Fig. S13).

c XP
Na= NaO>< (3)

A+ (¢ x P)H@

n(z) =5 () @

Evaluation of Longevity for CO, uptake

Long-term recyclability of CO, uptake performance for carbons was estimated at 50 °C using a Mettler-Toledo
TGA/DSC STAR System based on a modified procedure proposed by Tour and co-workers.® Prior to this
measurement, a material was pretreated at 125 °C for 30 minutes under a N, atmosphere to remove H,0 and
residual CO,. After being cooled to 50 °C, 1 atm of CO, was dosed to the material for 10 minutes followed by
heating the material at 100 °C for 10 minutes under the N, atmosphere. This CO, charge/discharge cycle was
repeated thirty times. CO, uptake capacitance of the carbon at each cycle was calculated using the difference of

weight before and after CO, uptake.
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Table S1 H,50,-based ILs to form carbons via pyrolysis at 1000 °C.’

7 NNH,eH,50, NSNS0, 'NeH,50,
N source (mmol N g™)in IL 5.2 10.4 5.6
bulk N (mmol N g™) in carbon ° 2.4 2.1 4.0
Negr 46.5 20.6 72.1

“ by EA.
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Table S2 Synthetic parameters of Zn-MOFs.

Zn-MOE Zn(NO3),*6H,0 organic linker additive solvent temperature time
(mmol) (mmol) ? (mmol) (mL) (°C) (hours)
ZnMOF-PDC 4 PDC (2) - DMF (200) 100 18
Pyr-1 4 PDC (2) pyridine (2) DMF (200) 100 18
Pyr-2 4 PDC (2) pyridine (4) DMF (200) 100 18
Pyr-3 4 PDC (2) pyridine (6) DMF (200) 100 18
BPyr-1 4 PDC (2) 4,4'-bipyridine (2) DMF (200) 100 18
BPyr-2 4 PDC (2) 4,4'-bipyridine (4) DMF (200) 100 18
BPyr-3 4 PDC (2) 4,4’-bipyridine (6) DMF (200) 100 18
BDC (0.6) and 4,4’- mixture of DMF and MeOH

BMOF-BDC 0.6 bipyridine (0.3) ) (12, v/v=1:1) 120 48
ZIF-8° 1.18 2-MIM (2.44) - DMF (15) 120 24

“ abbreviation: PDC (2,5-pyridinedicarboxylate); BDC (1,4-benzenedicarboxylate); 2-MIM (2-methylimidazole). ® three drops of 69 % HNO; were
added right after dissolving Zn(NO3),*6H,0 and 2-MIM.
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Table S3 The amount of DMF incorporated into Sc-CO, subjected ZnMOF-PDC (Zn,(PDC),(DMF),)
materials using '"H-NMR and TGA analysis.

observed amount of DMF (x)

material

"H-NMR ° TGA®

ZnMOF-PDC 1.14 1.12
Pyr-1 1.05 1.04
Pyr-2 1.00 0.99
Pyr-3 0.99 0.97
BPyr-1 0.94 0.93
BPyr-2 0.91 0.90
BPyr-3 0.92 0.90

“ see Fig. S2.” see Fig. S4.
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Table S4 Coefficients for Toth fitting of CO, adsorption isotherms of carbons.

coefficient *

carbon temperature (°C) Noo p d
-10 677.3740981 1.647146506 0.134824325
CznmoF-poC 2 1841.016 0.566665 0.118336
24 14.81339 1.352215 0.318776
-10 138.9921959 3.104817908 0.187317061
Cyr1 2 383.8637 1.347 0.151708
24 14.76527 3.565093 0.273437
-10 119.6471939 3.014560531 0.197719422
Coyr2 2 159.1449 1.970977 0.179626
24 4.24498 2.489966 0.639785
-10 77.61165418 4.823775889 0.202173878
Capyr-1 2 32.0891 2.109686 0.296972
24 33.9535 2.909279 0.231777
-10 125.1536501 3.104619625 0.187306322
Cepyr-2 2 366.0691 1.335191 2.726007
24 31.5695 2.726007 0.215802
-10 27.07805686 3.952527904 0.315834868
Cawmor-spc 2 5.514724 3.097457 0.871907
24 1.94017 3.090763 0.817433
-10 158.602 5.496941 0.161839
Curs 2 173.0342 2.787226 0.159263
24 91.66236 4.044565 0.16483

a

see equation (3).
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process. b) *H-NMR spectra of ZnMOF-PDC materials digested using 1M HCl solution (NMR solvent:
DMFO-d6, shown as asterisk). x denotes the molar amount of DMF innate to ZnMOF-PDC materials.

S11



N ZNMOF-PDC
e
et

T BPyr-2
. Pyr—

-AW/AT (X10° g 's™)

100 200 300 400 500 600
temperature (°C)

Fig. S3 DTG profiles of Sc CO,-subjected ZnMOF-PDC materials under a N, atmosphere.

S12



a)

i M;% ZnMOF-PDC
o §3§ K R l _}%@@m‘

@ T
4{}_@@_"@&13‘( .,

-AWIAT (X10° g s™)

100 200 300 400 500 600

temperature (°C)

b) ZnMOF-PDC

_mgp;ﬂ‘iﬂmﬂmfmm _____ R _?0 . 03 Wt .. 0/0 t ..
y > . - -
R A Tt

weight (%)

100 200 300 400 500 600
temperature (°)

Fig. S4 a) DTG and b) TGA profiles of Sc CO,-subjected ZnMOF-PDC materials under an air atmosphere.

513



090 095 100 1.05 110 1.15
X

Fig. S5 Syiprr of ZnMOF-PDC (Zn,(PDC),(DMF),) materials versus the molar amount of DMF (x) innate to
these materials.

S14



"ApN31s S1Y3 ul pazisayiuAs sjelsalew DAd-40INUZ Suowe Aysuaiul 3saysiy ayi Suimoys ), gz e z-4Ad Jo uianed gyx ay3r uo
paseq pazi|ewJou aJam 3sSay] ‘Ss|elalew Jdd-40NUZ 40 (8w Qg~) Junowe |edjpuapl ue Suisn paulelqo aJam suialled asay] asaydsowse
Jy ue Japun ), 00E pue Sz e sishAjowuayl Jaye sjeuslew ((4INA)YDAd)uz) DAd-40OWUZ jo susenied gyx pozijewloN 95 °Si4

(o) 6Z (o) 02 (o) 02 (o) 02 (o) 02 (o) 02 () 62
o€ 0c c,_. o€ 0c _ o__. _om , 0c _ o__. _om _ 0c . _u__. .o_m 0c O_F o 02 O0F 0¢ 0¢ 0l

TN T, ey .\ii{n.t.e,.,._..___)}__),_\_ﬂ)__) J. _\\q{..z.(./_____)\.\fx.l..._.} {jj)}.__j .\I..}/_ i..xs\..—n)._\l..,.r,..;.‘_i J.._.z.?_ T T ll.t\jj O o Oom

TS S e T, YA Ty T AN T S e Y e, ey | Do 0GZ

L A L i _ P

JORATE A T Y L 01 A L B L A B L o5

Jdd-40NWuZ L-1Ad 2-1Ad c-J L-1Adg €-1Adg 2-iAdg

vT'T S0'T T 660 ¥6'0 ¢6'0 160

| | | | | | |
X _ i _ i i _ _

G {NQ |R1IISIOIU] ) s ADUBIRA |\ )

S15



= ZnMOF-PDC @ BPyr-1 4 BPyr-2

6001 & BRy3 O Pyrd - Pyr2 o Py3
] <
500+ .
oo * <>
) | . |
\“-T_ 4 ......................... . .
100- Ne. NC
- t““““-““ ““"'\-\..
0 | H ‘
) 7 250 300

temperature (°C)
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Fig. S8 a) Base units of BMOF-BDC and ZIF-8. b) XRD patterns of as-synthesized BMOF-BDC and ZIF-8
(black) and their simulated patterns (blue).
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Fig. S9 SEM images of ZnMOF-PDC materials and corresponding carbons.
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Fig. S11 Pore characteristics of carbons.
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