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Supplementary Notes

Supplementary Note 1. The analysis of CO2 adsorption and desorption on pyridinic-N-
substituted graphene

To understand the interaction between CO, and pyridinic-N-substituted pores, CO, adsorption-desorption
experiments were carried out in near-ambient pressure XPS (NAP-XPS). Primary amine is expected to react
with CO; and H,0 via zwitterion reactions 1 and 2. The reaction products were -NHCOO™ and -NHs* from
reaction 1, and bicarbonate ion (HCOs") and -NHs" from reaction 2. The strong CO, adsorption leads to a
stronger peak at ~289 eV (HCOs) in the C1s spectrum of pyridinic-N-substituted graphene (Supplementary
Fig. 4). CO; and pyridinic N could form into Py.CO.. As a result, pyridinic-N-substituted graphene samples
should host -NH., -NHCOO", -NHz*, pyridinic N, Py.CO,, and graphitic N.

2(-NHy) + CO, < -NHCOO" + -NH3* (1)
-NH, + CO; + H,0 & HCO3 + -NH3* (2)
CO; + pyridinic N & Py.CO; 3

Desorption for removing CO; and H,O

Upon transferring pyridinic-N-substituted graphene samples, previously exposed to the atmosphere, to the
NAP-XPS chamber, we carried out XPS measurements to understand the composition of various functional
groups. Following this, the sample was heated to 150 °C for desorption (chamber pressure: 10° mbar). The
desorption curve shows the intensity of -NHCOO-, -NHs*/graphitic N, and Py.CO; reduced from 27.3, 46.5,
and 4.9 to 18.8, 35.7, and 0%, respectively (Supplementary Table 1). Meanwhile, the intensity of -NH; and
pyridinic N showed a reverse trend (Fig. 2c and Supplementary Fig. 5). Also, the N1s peak shifted toward
low bonding energy, indicating the alteration of chemical bonding due to the desorption (Supplementary
Fig. 5d).

CO; adsorption-desorption cycle

To measure the CO; adsorption of pyridinic-N-substituted graphene, the sample was placed in the XPS
chamber filled with 20 mbar of CO- at 30 °C. Followed by that, CO, was evacuated from the chamber, and
the XPS measurement was performed. The quantitative analysis shows that the change amount of amine

and its derivatives are consistent with the stoichiometry of reaction 1 (Supplementary Fig. 5 and Fig. 2c).
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Similarly, the change in Py.CO- percentage equaled pyridinic N after CO. adsorption. It indicated that the
peak at ~403.1 eV is Py.CO..

Desorption was carried out at 150 °C under vacuum (10° mbar) in the UHV chamber. After the desorption,
the XPS measurement was performed at 30 °C. A reversible trend of CO, adsorption-desorption via
reactions 1 and 3 was observed (Fig. 3f). The result of the 2" CO, adsorption-desorption cycle is similar to
the 1% cycle (Fig. 3f and Supplementary Table 1). It showed that pyridinic-N-substituted graphene adsorbs

CO,, via a reversible zwitterion reaction.

The overall chemisorbed CO; coverage can be obtained from the total COz-adsorbed N functional groups.
By summing up the CO; adsorbed N-functional groups, the total CO.-loaded site accounts for 50.9% of the
N atoms. Given that the N atoms constitute 9% of the pyridinic-N-substituted lattice, corresponding to N
atom density of 3.8 x 10 cm, a CO, coverage of 1.7 x 10** molecule cm is estimated.

Supplementary Note 2. Temperature-dependent study on CO:2 desorption

Elevated temperatures (from 30 to 400 °C) can further remove H,O and CO, from the graphene lattice
(Supplementary Table 2). The intensity of -NHCOO" and -NHs* from the same sample gradually decreased
with increasing temperature (Supplementary Fig. 7). The peaks corresponding to HCO3; and -NHCOO"
disappeared nearly completely at 300 °C (Supplementary Fig. 7 and 8), indicating that reaction 2 was
completely reversed at this temperature. The amount of graphitic N and -NHs* can be deconvoluted by the

desorption results (Supplementary Table 2), and the amount of graphitic N (< 4.0 %) can be subtracted.

Supplementary Note 3. Effect of NH3 reaction temperature

NH; treatment was carried out with a 7 N of NHs/CH3OH solution. The concentration of NHs in the gas
phase can be estimated by vapor-liquid equilibrium (VLE). The total pressure of NH3z/CH3;OH (P) and the
molar ratio of NHs in the gas phase (y1) were extracted from the curve fitting with literature data for the
different treatment temperatures (20 and 80 °C).2 P and y; versus molar composition of NHsz (x1) were
fitted with a polynomial equation and a linear equation, respectively (Supplementary Fig. 12). Based on the
known x, the resulting y: and P at different temperatures are obtained. (y1 = 0.94 and y; = 0.77 at 20 and
80 °C, respectively. P = 0.089 MPa and P = 0.47 MPa at 20 and 80 °C, respectively.)



Higher temperature (80 °C) promoted N doping leading to a higher total N (9 and 20% at 20 °C and 80 °C,
respectively). Pyridinic N increased by several folds at 80 °C (Supplementary Fig. 15).

Supplementary Note 4. Estimation of doping level by Raman spectra

Functionalization and doping on graphene lattice can change the Fermi level (electron carrier-density).>
Decreased (increased) Fermi level led by p-type (n-type) doping affects the position of G-peak and 2D-
peak and the intensity of the 2D peak. Therefore, the change of peaks is the indicator of doping
concentration dependence. Here are the principles of the Raman shift.>

1. G peak shifts to the right with the increasing doping concentration.

2. |/l decreases with a higher concentration of electron carrier density.

The Raman mapping (at least 50 points from each sample) were carried out to monitor the doping
concentration on the graphene lattice. The G and D peaks properties, such as intensity, peak position, and
full-width half-maximum (FWHM), were fitted with a Gaussian curve after the background of spectra were
subtracted (Fig. 4c-e and Supplementary Fig. 13-14).

The blue shift of the 2D peak indicated that oxidized graphene and pyridinic-N-substituted graphene are p-
type doping.>® The G peak shift can be used for calculating the doping concentration regardless of the
presence of defects on the graphene lattice.® The change of Fermi level led by p-type doped graphene can

be estimated by equation (1)
AEp = —18Awg; — 83 (1)

where AER is expressed in meV for the change of Fermi level due to functionalization and Awg;,

the shift of G peak, in cm™.

The w,; of pristine graphene, oxidized graphene, and pyridinic-N-substituted graphene (20 and 80 °C) are
1584, 1588, 1588, and 1592 cm:, respectively. The obtained AE are -155.6, -155.6, and -226.0 meV for
oxidized graphene, and pyridinic-N-substituted graphene (20 and 80°C, Supplementary Table 3).

Supplementary Note 5. Modeling gas transport from pyridinic-N-substituted pores
Pyridinic-N-substituted pores lead to selective and efficient CO, transport. To elucidate it, a gas transport

model was built as following:



e CO; adsorption on pyridinic-N-substituted 2D pores
The number of CO, molecules adsorbed on pyridinic-N-substituted 2D pores can be expressed by Langmuir

single-site isotherm.

q _ Kegp
= epore = 1+Keqp (2)

dmax

where g and g4, correspond to the given number of CO, molecules adsorbed and the maximum
number that can adsorb, respectively. 8,,,. is the corresponding CO, coverage, and Keq is the equilibrium

constant for the adsorption of COx. p is CO: partial pressure.

The CO- coverage on pyridinic N was extracted from XPS data measured at different CO, partial pressure
(Supplementary Fig. 23 and Table 5). Keq (4.4x10* Pa) was extracted by fitting the experimental results

at 30 °C with equation (2). The resulting Keq is consistent with the literature.”®

e Gas transport through pyridinic-N-substituted 2D pores
The gas transport through the graphene 2D pore happens via these steps (1) direct impingement of gas
molecules to the pore, (2) adsorption of gas molecules to the lattice followed by surface diffusion of the

adsorbed molecule to the pore, and (3) translocation of the molecule through the pore.

For small pores in this study, the translocation step is the rate-limiting step.® Gas transportation in this mode
can be described by a first-order kinetics® as follows:

P, = k"%;(p)q (3)

where P; is the permeance from pyridinic-N-substituted pores, k¢,-qns(0) is the translocation
coefficient for gas molecules passing through pores. p indicates that k¢,-4ns(p) is proportional to the pore

density, p, of such pores. Ap is the pressure differences between feed and permeate.

On the other hand, for a few large pores (e.g., intrinsic defects further expanded by oxidation), the gas
molecules would simply effuse through the pore.!® However, when graphene is supported with a support
layer, such as in this work, the transport resistance of effusive graphene pores would be negligible compared
to that from the support layer. Therefore, for such pores, the support layer will determine the net transport

from the effusive pores.



The NPC support layer is made of rigid porous channels and displays high gas permeance (Supplementary
Fig. 18d). The gas transport through NPC support film is in the Knudsen transport regime,'! and the
permeance of NPC can be modeled as follows:

P = Ps,n f(T) (4)

f(T) =NT (5)

where P is the permeance from the NPC membrane. P ,,f (T) is 2x10° GPU of CO. permeance at

30 °C (Supplementary Fig. 18d).

The net gas permeance is contributed by both types of pores, i.e., small pore, equation (3), and large pores,
equation (4), for size-sieving and effusive transport through pyridinic-N-substituted nanopores, respectively.
Additionally, the number of CO, adsorbed on the pyridinic-N-substituted pores (N,,,.) can be rearranged

as equation (2).

As a result, the total permeance of pyridinic-N-substituted graphene is equal to the sum of the permeance
contributed from the selective and support layer. We assume that the permeate pressure is 0 (consistent with
using a sweep gas in our experiment where the permeate pressure is low), and the pressure difference is

equal to the feed pressure. As a result, it can be expressed as below:

For graphene supported by NPC,

ktrans(P)dmaxKe -1
P = pr 1+Keqp ; +CSPS'n\/T (6)

where C,,, and C, correspond to the fraction of the pores contributing to the size-sieving transport

and effusive transport through pyridinic-N-substituted nanopores, respectively.

Given that Keq of CO2 adsorbed on pyridinic N was extracted from the XPS data, the correlations between
the fraction of size-sieving transport and the gas permeance can be extracted (Fig. 5e and Supplementary

Table 10) by plugging the data into the equation (6) for the curve fitting.

The resulting C,,, shows a linear relation with the CO permeance (Fig. 6a and Supplementary Table 10),
indicating that the permeance is determined by the ratio of size-sieving transport. Additionally, the CO2/N;
separation factor increases with the increasing C,,,. It shows that transportation through the pyridinic-N-
substituted 2D pores leads to efficient CO- transport. The translocation coefficient determined by porosity

also increases with the increasing CO, permeance® (Supplementary Fig. 24).



o Temperature-dependent CO, transport

Keq can be fitted with Van 't Hoff equation to obtain the adsorption energy, AH,, as per equation (7).

—AH, AS
aneq = RTd+? (7)

where AS is the entropy change upon CO; adsorption.

Given a good prediction of CO, permeance with our transport model, equation (6), we extracted K, at

three different temperatures (20, 60, and 100 °C) based on p-dependent permeation data. For this, CO;
permeation was measured at the three temperatures with p varying from 12 mbar to 400 mbar

(Supplementary Table 11). The obtained K, at the three temperatures are listed in Supplementary Table
12. By plugging the obtained Keq into equation (7), AH,4 was obtained as the slope in a plot of In K., with

% (Supplementary Fig. 25a). The resulting adsorption energy AH,4 is 25.2 kJ mole? (0.26 eV,

Supplementary Table 12), in agreement with the theoretical prediction on the binding energy of CO; with
pyridinic N in the range of 0.20 — 0.27 eV.**** The fitting of K., with temperature based on p dependent
permeation data also outputs k.qns(0) (Supplementary Table 12). Based on this, activation energy, E, .,

for translocation can be extracted per equation (8):

—Eqgct

ktrans(p) = Atransexp( RT ) (8)

where A;-qns COMbines pre-exponential factor for the Arrhenius term and density of CO,-sorbed

pores. Given that g,,4, IS @ constant, the resulting activation energy (34.8 kJ mole*) was obtained as the

slope in a plot of qaxktrans(P) With % (Supplementary Fig. 25b and Table 12).

Since the apparent activation energy can be expressed as equation (9):
Eact—app = Eget + AHyq 9)

By plugging the AH,,4 and E, . obtained from equation (8 and 9), respectively, the resulting Ec;—qpp (9.6

kJ mole?) is low due to the strong CO, adsorption of pyridinic N-substituted pores. The result is similar to
the temperature-dependent gas permeation measurement for the membranes with high oxidation time
(Eqct—apyp is close to 0 kJ mole™, (Fig. 6b, Supplementary Fig. 26, Supplementary Note 6). It supports that
the gas transportation through the 2D pores is strongly influenced by the pyridinic N.



Supplementary Note 6. The apparent activation energy for gas transport
Gas transport across 2D pores of graphene, when the pore size is concomitant to the size of the gas molecule,
takes place by a temperature-activated transport mechanism?6. By fitting the temperature-dependent gas

flux with an Arrhenius relationship, the apparent activation energy, E,c;—qpp, fOr gas transport can be

extracted.

Flux = Agyexp (_Ea;#) (10)

where A, combines the pre-exponential factor for the Arrhenius term and the density of gas-
occupied pores. Eqc—qpp IS essentially the sum of the activation energy (E,.) for gas molecules to

translocate the pores and the adsorption energy (AH,4) of gas molecules on the graphene pore.



Supplementary Note 7. Techno-economic model for a double-stage membrane process

The carbon capture penalty values reported in the manuscript are calculated via a techno-economic model,
that can simulate, design, and optimize multi-stage membrane processes for gas separation. The tool can
simulate various configurations, i.e., single-, double- or triple-stage, with either compression of the feed or

permeate under vacuum or combinations of feed compression and permeate under vacuum.

The design of the process is based on the minimization of the error between the calculated and the target
values of recovery and purity of the main component (i.e., CO; for post-combustion carbon capture), by
varying the design variables, i.e., the areas of the membrane stages for given pressures. The tool can also
find optimal sets of pressures to minimize the overall capture penalty, via grid optimization. The model has
been already presented in previous work.!” To simulate and design the process with specific membranes,
the model requires as inputs the values of CO, permeance, CO2/N; selectivity, CO./O, selectivity, and
CO2/H0 selectivity.

The multi-stage membrane process is simulated as the combination of two or more single membrane stages.
The model implemented for a membrane stage is based on previous models reported in the literature,
referring to asymmetric polymeric membranes and the main assumptions are: (i) no mixing in the
supporting layer on the permeate side; (ii) negligible concentration polarization; (iii) constant pressure in
the permeate and the feed side; (iv) isothermal process.'®*° For this work, all membrane stages are simulated

with a cross-plug flow arrangement, as this is most often used in gas separation units.?

The membrane area is discretized along the length (z-axis) in a certain number of membrane elements. The
model starts from the estimation of transmembrane fluxes for each species and for each discretization
element, as a result of the partial pressure driving force. The transmembrane flux J [mol (m?s?)] for a

generic component i is then expressed as:
Ji=Pi (B = B?) = Pi (Preea x/ = Pperm ;") (12)

where P; is the permeance [molm2s'Pal)] of the component i; Pl.f is the partial pressure of
component i in the feed side, given by the product of the total pressure Pr..q and the fraction xlf of
component i in the feed. Pi"’ is the partial pressure in the permeate side right after the selective membrane

layer, given by the product of the total pressure By, and the fraction xlf” of component i in the permeate

side.



Then, the model estimates the total flux through the membrane as the sum of the fluxes of each component
and applies mass balances to calculate the variation of concentration and flow rates along the feed and the
permeate channel. In particular, for a generic discretization element z™" along the membrane length with

membrane area dA, the entering feed flow rate (Q f)z (mol s?) is converted into a retentate flow rate (Q,),

(feed to the following element) and into a permeate flow rate that is collected on the other side of the

membrane. The total mass balance and the mass balance on component i are reported below:

(Qf)z = (Qr); + UrordA), (12)

(@ x]), = (@ xD); + (:dA), (13)

According to the hypothesis of cross-plug flow, the permeate streams generated in each discretization
element are not mixed along the length of the unit. The total permeate stream @y, ,,, Produced in the
membrane stage is given by the sum of the transmembrane fluxes generated in each discretization element,

as reported in equation (14 and 15).
Qp,out = Zz(]totdA)z (14)

Qp,out xip =2,(;dA), (15)

To simulate a double- or triple-stage membrane process, the model for the single stage is incorporated into
a modeling framework where proper connections between the stages are defined depending on the
configuration. In most cases, a double-stage process where the retentate of the second stage is recycled and
mixed with the inlet feed results in the most economically competitive. For this configuration, an iterative
procedure has been set up to take into account the variation of the feed flow rate and composition when the
feed is mixed with the 2" retentate. Once the process is designed, the main economic figures are estimated
via the economic model that takes membrane area and power requirements to calculate capital and operating
costs. The capital costs include the direct costs for membrane (which accounts also for housing, piping, and
instrumentation), for vacuum pumps (specific direct cost of 870 $/kW, published in 201622 and updated via
the index CEPCI) and of compressors (specific direct cost of 1000 $/kW, published in 2016 and updated
via the index CEPCI).?2 We consider two reference costs of membranes, a conservative estimation of 500
$/m? and a more recent estimate of 100 $/m? based on improved manufacturing processes of graphene
membranes at a larger scale. Beyond the direct costs for the equipment, the capital costs include the indirect
costs, calculated as 14% of the total direct costs in line with previous works,???® and the contingency costs,

given by 15% (project contingency) plus 20% (process contingency) of the sum of equipment and indirect
10



costs.® The capital costs are annualized via a capital charge factor of 0.125 to estimate the CAPEX [$/y].2
The operating costs (OPEX [$/y]) are given by the cost for electricity (specific cost of 0.05 $/kwh), for
membrane replacement (every 5 years with a cost of the sheet of one fifth of the specific direct cost of
membranes)?, and by the fixed operating costs (i.e., the cost for maintenance and for labor), calculated as
7% per year of the sum of equipment and indirect costs.?! The overall capture penalty [$/ton] is given by
the sum of CAPEX and OPEX, divided by the total amount of CO; recovered per year.

The values of carbon capture penalty from concentrated feed (10-20% CO2) reported in the manuscript are
calculated with CO, permeance of 8900 GPU and CO,/N; selectivity of 85, in line with the experimental
results. The other values of selectivity are equal to 1 for CO»/H,O and 12.6 for CO2/O,.2* The optimal
configuration to recover 90% CO; at 95% purity from a concentrated feed (CO, partial pressure of 200
mbar) is a double-stage membrane process with the recycle of the second retentate and with partial pressure
driving force generated only via vacuum in the permeate (Supplementary Fig. 33). This is because
membranes are highly permeable and the effect of membrane area increase without feed compression on
the total capture penalty is negligible. The optimal pressures in the permeate channels (with ambient
pressure in the feed channel) are 0.04 bar in the first stage and 0.25 in the second stage. The specific
membrane area is 1.4 x 10° m? s kg, the specific energy consumption is 0.69 MJ kg and the total capture
penalty is 19.6 $/ton with membrane cost of 100 $/m?and 25.9 $/ton with 500 $/m?.

With the same pressure configuration and CO; partial pressure of 135 mbar (typical CO, concentration of
13.5% in coal-based power plant flue gas), the specific membrane area is 2.2 x 10°* m? s kg%, specific energy
consumption is 0.81 MJ kg™ and total capture penalty is 23.8 $/ton with membrane cost of 100 $/m?and
33.5 $/ton with 500 $/m?.

In the case of low-concentration feed (CO; partial pressure of 10 mbar), we simulate the membrane process
with improved performances in line with the experimental results. As the CO, concentration in the feed
decreases, CO, permeance and CO./N selectivity are found to increase thanks to the capability of the
membranes to selectively adsorb CO- even in diluted conditions (see Supplementary Table 10). For this
reason, the CO, permeance is taken equal to 10000 GPU and the CO,/N; selectivity is 1000 in the first stage
(very low concentration) and 100 in the second (higher concentration). With these membrane properties,
the selected layout to target 90% CO; recovery and 95% purity (shown in Supplementary Fig. 34) presents
a double stage without recycle (the concentration and the flow rate of the second retentate are low and
would not contribute significantly to increasing driving force). As the feed is assumed to contain water

vapor with a relative humidity of 50% (H-O partial pressure of 17 mbar), most of the water vapor from the
11



1t permeate is condensed between the first and the second stage and this helps to increase CO- concentration
before the second stage. Also, in this case, it is more feasible to generate vacuum in the permeate rather
than compressing the feed, because the feed flow rate is much larger than permeate flow rate. The optimal
permeate pressures, in this case, are 0.005 bar in the first stage and 0.1 bar in the second stage. The obtained
specific membrane area is 3.3 x 10* m? s kg%, the specific energy consumption is 1.52 MJ kg* and the total
capture penalty is 76.2 $/ton with membrane cost of 100 $/m?and 220 $/ton with 500 $/m?.

We performed sensitivity analysis for each of the three case studies, by varying some relevant economic
parameters to assess their impact on the overall capture penalty. First, we varied the specific cost of
membranes from near 0 to 1000 $/m? (Supplementary Fig. 35) and we found a stronger dependency of the
capture penalty on membrane cost for decreasing inlet feed concentrations. This is because larger membrane
areas are needed when the inlet concentration is lower, for the same purity and recovery targets. Then, we
varied the specific cost of vacuum pumps (current value), the indirect cost factor, and the specific cost of
energy within a range of deviation from the base case from -100% to +100%. We carried out these analyses
with a membrane cost of either 100 $/m? or 500 $/m? (Supplementary Fig. 36).

In general, for a given membrane cost, the cost of energy impacts the most the capture penalty, followed
by the specific cost of vacuum pumps and the indirect cost factor. This last term has a very limited impact,
as it gives a maximum variation of capture penalty of around 8%. Another general observation is that the
range of capture penalty variation enlarges when the membrane cost is lower (100 $/m?) because the capture
penalty is dominated by the investment cost of membranes in the case of the specific membrane cost of 500
$/m2. This is particularly evident in the case of 1% CO, feed, where the variation of capture penalty with
any of the three economic parameters is almost negligible with the high membrane cost. The sensitivity to
vacuum pump cost and energy cost increases with membrane cost of 100 $/m?, as the maximum estimated

variation of capture penalty with 1% CO, feed is around 23% and 28%, respectively.

On the other hand, the systems with 13.5% and 20% CO feed have similar behavior: the maximum capture
penalty variation connected to energy cost goes from 36% with membrane cost of 500 $/m? to 48% with
membrane cost of 100 $/m?, and the one connected to vacuum pump cost from 28% with 500 $/m? to 39%
with 100 $/m?.

12



Supplementary Figures 1-39
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Supplementary Fig. 1. O1s XPS spectra from (a) oxidized sample (precursor for NHs reaction), and (b)
pyridinic-N-substituted sample prepared by reaction with NH5 at 20 °C. The substrate was highly-oriented
pyrolytic graphite (HOPG) to avoid complications from residues on transferred graphene which often

makes O1s analysis difficult.
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Supplementary Fig. 3. N1s XPS spectrum of pristine graphene, oxidized graphene, and pyridinic-N-

substituted graphene using 20 °C and 80 °C NHjs treatment.
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Supplementary Fig. 4. C1s XPS spectra from pristine graphene (a), Os treated graphene at 20 °C for 1 h

(b), and pyridinic-N-substituted graphene treated at 20 °C for 24 h (c).
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Supplementary Fig. 7. N1s XPS spectra from pyridinic-N-substituted graphene fabricated using 20 °C

NHjs treatment measured at 30, 150, 300, and 400 °C.

19



a
goJ[—— Raw data 30°C
—— C-C sp?
— |—c-csp®
5 85— c-Nic-o
(:‘3 —— C=0
© goJ|— Background
T |—— Envelope
=
@ 75-
2
E HCOs
70-
65 T T T r T T
292 290 288 286 284 282 280
Binding energy (eV)
C 9
— Raw data 300 °C
—— C-C sp?
5 854——C-Csp’
© —— C-N/C-O
2, — C=0
T 804~ Background
> —— Envelope
‘@
c
QD 751
£
HCOs
701 =

288 286 284 282

Binding energy (eV)

202 290 280

(o

90- Raw dazta 150 °C
—— C-Csp
-~ c-Csp®
5 85— c-N/C-0
S {——-c=0
© god|— Background
~ —— Envelope
2
& 754
e
E HCOs
704
202 290 288 286 284 282 280
Binding energy (eV)
85- Raw data 400 °C
—— C-C sp?
S |—¢¢ sp®
@ god[—— C-N/C-O
o —— C=0
- —— Background
P | — Envelope
(2]
| g
D
c
— 704

AR

65

288 286 284 282

Binding energy (eV)

202 290

280

Supplementary Fig. 8. C1s XPS spectra from pyridinic-N-substituted graphene fabricated using 20 °C
NH; treatment measured at 30, 150, 300, and 400 °C.

20



a b ¢ i 10
Oxidized graphene

Oxidized graphene
Pyridinic-N-substituted
graphene

€
g L
o4 i
2 ‘ ?
0 |

0 1 2 3 4 5
Clusters length (nm)

Pyridinic-N-substituted graphene

I 14 Oxidized graphene

12 Pyridinic-N-substituted
graphene
+§-'180
* 86
= = 4
. . : 2 [ | mﬂlm(ﬁlm
Clusters density: 2.5x10'2cm?  Clusters density: 3.0x10'>cm? 0

0 1 2 3 4 5
Clusters width (nm)

Supplementary Fig. 9. STM images of pyridinic-N-substituted graphene. The STM morphology and the
clusters (functional groups on graphene surface) density of oxidized graphene (a) and pyridinic-N-

substituted graphene (b). (c) the distribution of the length and width of clusters on oxidized graphene and
pyridinic-N-substituted graphene.
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Supplementary Fig. 11. The CO; sorption on HOPG treated with O3 followed by NHs;. N1s XPS spectrum
of (a) as-prepared sample, and (b) after 150 °C heating in the UHV chamber of XPS, and after (c) re-
exposure to air for 10 min at 30 °C. (d) Quantitative analysis of pyridinic-N and Py.CO, during CO;
adsorption and desorption.
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Supplementary Fig. 12. The literature data fitting of NHs/CHsOH solution at different temperatures. The
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treated with 20 and 80 °C NHj; treatment.
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Supplementary Fig. 14. Raman mapping of G peak shift (a) and 2D peak shift (b) data points of pyridinic-
N-substituted graphene fabricated using 20 °C NHjs treatment.
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Supplementary Fig. 15. (a) XPS spectrum of pyridinic-N-substituted graphene treated at 80 °C and (b) the
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Supplementary Fig. 16. The AC-HRTEM images showing the bright clusters on the pyridinic-N-
substituted graphene 2D pores.
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Supplementary Fig. 17. The evolution of clusters on oxidized graphene (O-cluster) and pyridinic-N-
substituted graphene (N-cluster) under electron beam in AC-HRTEM (electron dose of 4.7 x 10° e~ A™?),
showing that N-clusters on pyridinic-N-substituted graphene are more stable under the electron beam.
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Supplementary Fig. 18. SEM characterization and gas measurement of the stand-alone NPC film. SEM
images of the surface of NPC film in (a) lower magnitude and (b) high magnitude. (c) SEM image of the
cross-section of NPC film deposited on a silicon wafer. (d) Single gas permeation results of NPC
membranes. All the gas measurements were conducted at 30 °C and 2 bar feed pressure. The error bars refer
to the standard deviation in the separation factor and permeance across three membranes. The center of
each error bar represents the average separation factor and permeance calculated from the NPC membranes.
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Supplementary Fig. 19. SEM characterization and gas measurement of the stand-alone PDMS film. SEM
images of the surface of PDMS film deposited on silicon wafer in (a) lower magnitude and (b) high
magnitude. (c) SEM image of the cross-section of PDMS film deposited on a silicon wafer. (d) Single gas
permeation results of PDMS membranes. All the gas measurements were conducted at 30 °C and 2 bar feed
pressure. The error bars refer to the standard deviation in the separation factor and permeance across four

membranes. The center of each error bar represents the average separation factor and permeance calculated
from the PDMS membranes.
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Supplementary Fig. 20. (a) The optical image and (b) SEM image of the porous polymeric support (PBI)
used to fabricate centimeter-scale membrane, revealing a smooth surface hosting ~20 nm pores.
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Supplementary Fig. 21. Pictures of pyridinic-N-substituted graphene prepared by different support films
(NPC and PDMS). The edges of support of NPC/graphene membranes were cut. The edges of the
PDMS/graphene film on polymeric support are highlighted in black dots.
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Supplementary Fig. 22. Single gas measurement result of stand-alone NPC support film before and after
NH; treatment at 20 °C. All the gas measurements were conducted at 30 °C and 2 bar feed pressure.
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Supplementary Fig. 23. XPS N1s spectrum of pyridinic-N-substituted graphene measured under different
CO; partial pressure (1072, 4 x 10, 2 x 102, and 1 bar), showing the different extent of CO, adsorption on

the N functional groups.
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Supplementary Fig. 24. The curve fitting of g,;qxKtrans () Versus the CO, permeance measured at 12
mbar. The data were calculated and measured based on pyridinic-N-substituted graphene/NPC membranes.
Here, qmax COrresponds to the maximum number of CO, molecules that can adsorb under a given
temperature and pressure. kq-qns(0) is the translocation coefficient (effective rate per gas molecule) for gas
molecules passing through pores. p is the pore density.
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Supplementary Fig. 25. (a) The linear fitting plot of In(Keq) versus the reciprocal measurement temperature

for adsorption energy. (b) The linear fitting plot of IN(gnaxkerans(P)) VErsus the reciprocal measurement
temperature for activation energy.
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Supplementary Fig. 26. A linear fitting plot of the single gas permeation versus reciprocal measurement
temperature for apparent activation energy. The data were calculated and measured based on pyridinic-N-

substituted graphene/NPC membranes.
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Supplementary Fig. 27. Single-gas permeation results of pyridinic-N-substituted graphene/NPC
membranes measured at 30 °C, 2 bar. The error bars refer to the standard deviation in the separation factor
and permeance across three membranes. The center of each error bar represents the average separation
factor and permeance calculated from the pyridinic-N-substituted graphene/NPC membranes.
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Supplementary Fig. 28. Normalized single-gas permeation results of pyridinic-N-substituted

graphene/NPC membranes measured at 30, 60, and 100 °C (each gas permeance is normalized by the same
gas permeance at 30 °C).
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Supplementary Fig. 29. Comparison of CO, permeance and CO2/N; separation performance of pyridinic-
N-substituted graphene membrane prepared by three different support films (NPC and PDMS), showing
porous graphene controlling gas transport. (a) The evolution of CO, permeance of graphene membranes (y-
axis) as the function of CO;, permeance of support film (x-axis). Circles (stars) represent graphene
membranes prepared by high (low) oxidation time at 0.4 bar (12 mbar) of CO; partial pressure at the feed.
The blue and cyan lines are the predictions from the gas transport resistance model?’ for graphene prepared
by high and low oxidation time, respectively. The model shows that the transport resistance of the support
layer yielding high permeance does not contribute to graphene membranes. The error bars refer to the
standard deviation in the separation factor and permeance across several membranes. The center of each
error bar represents the average separation factor and permeance calculated from the graphene membranes.
For graphene membranes etched with high oxidation times, there were six and three samples each for
graphene/NPC and graphene/PDMS. For membranes etched with low oxidation times, there were ten
samples of graphene/NPC and four samples of graphene/PDMS. (b) Agreement between CO,/N; separation
performance of pyridinic-N-substituted graphene membrane prepared using low oxidation time with all two
support films. The measurement was carried out under dilute CO; conditions (12 mbar) at 30 °C.
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Supplementary Fig. 30. Reproducibility of pyridinic-N-substituted graphene membranes supported by
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42



10°

Pyridinic-N-substituted graphene/PDMS

=)

o

S 104

)]

e CO:z

g 9:0-9-9-9-90-9-0-9-90-9-999-9:0-90-9-9-9-0-9-9-9-9-9-0-0-0-9
£

g

~ 103
O
O

104

o 10°4

©

8

S 102

T ] COuN:

fQD_ 09909090009 0%00909000090009000
Q

o 104

2

Q
o 14

107 T T T T

0 2 4 6 8 10
Time (Days)

Supplementary Fig. 31. The stability test of pyridinic-N-substituted graphene/PDMS membrane measured
under 20% CO/N, mixed gas at 30 °C. The graphene was etched with a high oxidation time (60 min).
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Supplementary Fig. 32. Quantification analysis of C and N percentage after 150 °C heating under vacuum
and 20 mbar CO- at 30 °C.
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Supplementary Fig. 33. Representation of the double-stage membrane process with permeate under
vacuum and recycle of the 2" retentate, used for CO- capture from concentrated feeds.
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Supplementary Fig. 34. Representation of the double-stage membrane process with permeate under

vacuum and intermediate water condensation, used for CO, capture from low-concentration feeds.
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Supplementary Fig. 35. Sensitivity analysis with variable specific membrane cost for three CO- inlet feed
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47



20% CO, feed 13.5% CO, feed 1% CO, feed

— 50 — 50 — 250
é ————— VP cost § ----- VP cost § ————— VP cost
S awl Indirect cost factor 5 a0l Indirect cost factar S 5001 Indirect cost factor
- g 1 -
E Energy cost % Energy cost ;‘j Energy cost
oy fary - Py

100 ® 30 © 30 e w® 150
c -t c o= c
o i ] T ]

$/ 2 & e =T S =3

M= 820 | e 220 - 200
2 e z e Z et
© o ] T It
“ 10 “ 10 “ 50
-100 =50 0 50 100 -100 -50 0 50 100 -100 -50 0 50 100
Cost deviation [%] Cost deviation [%] Cost deviation [%]

— 50 — 50 — 250
g | VP cost g g e
g fffff Indirect cost factor g - S [ty
s 40 Energy cost 5 404 e = 200
> : P — e >
= s N IR S - =

500 '® 30 e ® 30 e ® 150
c o C pree c

$/ms T T g 3

m v s v I VP cost N VP cost
2 201 2 200 Indirect cost factor 2 woy Indirect cost factor
% % Energy cost % Energy cost
Y10 : : Y10 - : : : Y 50 : : :
-100 =50 0 50 100 -100 =50 0 50 100 -100 =50 0 50 100
Cost deviation [%] Cost deviation [%] Cost deviation [%]

Supplementary Fig. 36. Sensitivity analysis with variable specific vacuum pump cost, indirect cost factor
and specific energy cost for three CO; inlet feed concentrations and with two given values of specific
membrane cost (upper charts: 100 $/m?, lower charts: 500 $/m?).
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Supplementary Fig. 37. Schematic of the fabrication procedure for pyridinic-N-substituted graphene
membranes.
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Supplementary Fig. 38. Si2s and Si2p XPS spectra of pyridinic-N-substituted graphene showing the lack
of Si signal indicating that the mechanically reinforcing layer of PTMSP was successfully removed for the

XPS analysis.
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Supplementary Table 1-13

Supplementary Table 1. The evolution of N-functional groups percentage during two-cycle desorption
and CO; adsorption in NAP-XPS chamber. The desorption was conducted by 150 °C heating, and the
adsorption was conducted under 20 mbar CO; partial pressure in NAP-XPS.

-NH NHs’
0 2 -NHCOO" (%) /graphitic N pyridinic N (%) Py.CO:2 (%)
(%) (%)
Initial 10.1 27.3 46.5 11.1 49
1%t desorption 28.8 18.8 35.7 16.7 0.0
st
17 CO; 13.3 26.8 436 8.9 7.4
adsorption
2" desorption 29.0 18.9 355 16.6 0
nd
2" CO; 13.8 26.9 435 8.5 7.4
adsorption

Supplementary Table 2. The evolution of N-functional groups percentage as the function of temperature.
The sample was loaded into XPS chamber directly after NHs-treatment. The percentage of N-functional
groups was extracted from N1s spectrum, and the percentage of C=0 was extracted from C1s spectrum.

. -NH, NHs" o C=0 (%)
T (°C) %) -NHCOO" (%) Igraphitic N (%) Pyridinic N (%) Py.CO. (%) (H-CO_s &
semiguinone)
150 39.0 21.8 25.8 13.3 0 4.4
300 50.6 0.0 15.0 34.4 0 1.7
400 41.8 0.0 14.9 43.3 0 1.6
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Supplementary Table 3. The estimated change of Fermi level and electron-carrier density of graphene

samples based on G peak shift adapted from the Raman spectrum.

wg (cm™?) AEp (meV)
Pristine Graphene 1584 -
Oxidized Graphene 1588 -155.6
Pyridinic-N-substituted Graphene (20 °C) 1588 -155.6
Pyridinic-N-substituted Graphene (80 °C) 1592 -226.0

Supplementary Table 4. Mixed gas permeation results for pyridinic-N-substituted graphene/NPC
membranes treated with different NH3 reaction times at 20 °C (CO- concentration of 20 mol%, T = 30 °C,

feed pressure = 2 bar). The graphene was etched with a high oxidation time (60 min).

5 Co, CON
Condition Permeance o
(GPU)
Before N-substitution 4703045780 13.7£3.0
After 1.5h N-substitution 13320+900 27.7+3.2
After 24h N-substitution 10420+1710 53.3+9.8
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Supplementary Table 5. The percentage of Py.CO; in the total nitrogen functional groups and the coverage
of adsorbed CO- on pyridinic N.

CO, partial pressure (bar) The percentage of Py.CO,  The coverage of adsorbed

in the total N CO; on pyridinic N (%)
1012 0 0
4x10* 4.9 30
2x102 7.4 45
1 12.8 100

Supplementary Table 6. Mixed gas permeation results for pyridinic-N-substituted graphene/NPC
membrane. Graphene was etched with low oxidation time (30 min). (CO; concentration of 0.6, 1.0, 2.0, 7.0,
10.0, 15.0, 20.0, 50.0 mol%, feed pressure = 2 bar, T = 30 °C).

% 0.6 1.0 2.0 7.0 10.0 15.0 20.0 50.0
(bar) (0.012) (0.02) (0.04) (0.14) (02)  (03)  (0.4)  (1.0)

CO; permeance

(GPU) 5300 4400 2910 2630 1560 1530 1460 1310

COa/N2 SF 881 719 460 394 234 216 230 206
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Supplementary Table 7. Mixed gas permeation results for pyridinic-N-substituted graphene/NPC
membranes. The graphene was etched with a high oxidation time (60 min). (CO. concentration of 0.6%,
feed pressure = 1.4 bar, T = 30 °C).

CO

2 CO./N
Membrane Permeance SZF 2
(GPU)
Pyridinic-N-substituted 33880 + 8085 150 + 64

graphene/NPC membranes

Supplementary Table 8. Mixed gas permeation results for pyridinic-N-substituted graphene/NPC
membranes. The graphene was etched with low oxidation time (30 min). (CO2 concentration of 0.6%, feed
pressure = 1.4 bar, T = 30 °C).

Co, CO,/N
Membrane Permeance SZF 2
(GPU)
Pyridinic-N-substituted 3770 + 1239 1428 + 911

graphene/NPC membranes
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Supplementary Table 9. Mixed gas permeation results for centimeter-scale pyridinic-N-substituted
graphene/NPC membrane (T = 30 °C). Graphene was etched with low oxidation time (30 min).

6{0)

COg partial pressure 2 CO,/N,
(mbar) Permeance SE
(GPU)
12 4830 1515
8.4 5900 2585

Supplementary Table 10. Mixed gas permeation results of pyridinic-N-substituted graphene/NPC
membranes measured under different CO; partial pressure environments. (T = 30 °C), and the estimated
fraction of size-sieving pyridinic-N-substituted pores,

Cpy, and the maximum CO loading translocating through pyridinic-N-substituted pores via the size-sieving
pathway. (The CO, permeance was measured at 20 vol% of CO2/N, mixture with 2 bar feed pressure).
CO,
Permeance
(GPU) by qmax ktrans (p)
(mole/m?s)
% 0.6 1.0 2.0 3.5 10.0 15.0 20.0
(bar) (0.012) (0.02) (0.04) (0.07) (0.2) (0.3) (0.4)
M1 2370 1650 980 740 270 230 250 1 0.003
Low M2 3390 2130 1150 870 700 680 720 0.999 0.004
Oxidation 0.004

(30 mins) M3 4010 3120 2520 1680 880 860 840 0.998
M4 5300 4400 2910 2630 1560 1530 1460 0.995 0.005
M5 24060 19600 16200 14300 9140 8850 8350 0.964 0.021
High M6 26200 21400 17650 15580 9360 9210 9300 0.962 0.024
Oxidation M7 31700 25700 21450 19200 11060 10770 10570 0.954 0.028
(60mins) M8 33230 25540 21860 20540 12770 12990 11570 0.948 0.026
M9 36890 27300 22180 20210 12850 12900 13080 0.943 0.030
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Supplementary Table 11. Normalized CO, permeance (normalized by the CO, permeance at 400 mabr)
from a low porosity pyridinic-N-substituted graphene/NPC membrane measured under different
temperatures and CO, partial pressure environment with a total feed pressure of 2 bar.

Temperature COg partial pressure (p), mbar
(°C) 12 20 40 70 200 300 400
20 2.7 2.1 1.9 14 1.1 11 1.0
60 2.7 2.1 1.7 14 11 1.0 1.0
100 2.1 1.7 15 1.4 1.0 1.0 1.0

Supplementary Table 12. CO; transport properties based on the transport model. The model fitted Keq and
Kerans(0) Gmax Was extracted from the temperature-dependent gas permeation measurement (Table S11).
AH,4 and E,. are extracted from the temperature-dependent Arrhenius and Van 't Hoff equations,

respectively.

Temperaure () gty (e Cnes (0 o) (0 regie?
20 4.4x10* 2.0x10°
60 15x10¢  12.4x10° 252 348
100 47x10°  42.2x10°
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Supplementary Table 13. CO2/N2 mixture separation performance comparison between the pyridinic-N-
substituted graphene membranes presented in this work and state-of-the-art membranes. The data
comparison is for postcombustion capture conditions where CO2/N, mixture is used with CO, composition
of 20%.

Membrane type Material C0: (pé;l:l;ance C(;zliNz Reference
) Cellulose acetate 110 30 20
Commercial —
Polaris® 1000 50 20
GO with PEGDA 186 59 23
Graphene oxide (GO) GO with ionic liquid 37 130 »
GO 103 18 30
Piperazine modified GO 1020 680 31
Enzymatic solution 2600 788 32
Polyvinylami 182 33
Facilitated transport ° yV11-1y amne 827 200
membranes 2-pyrrolidone & 2- 908 162 "
methoxyethanol
Polyvinylamine/amino acid salt 947 210 35
Ionic liquid on graphene 4000 20 36
Carbon molecular Fluorinated carbon molecular 29 16 37
sieve membranes sieve membranes
Ui0-66-NH:2 in PEBAX® 338 57 38
. . ZIF-8 in PEBAX® 345 32 39
Mixed matrix membranes — T
GO in thermally-reduced (TR) 1784 18 20
polymer
Poly(ionic liquids 132 27 4l
Hybrid M ly‘(d dqd)d
membranes ) ctal-induced ordere 3000 78 42
microporous polymers (MMPs)
PEG/PDMS 1210 22 4
PEG/NH2-MIL-53 2600 14 a4
Polymeric membranes DAmMPEG-TMC 1310 33 45
Pebax2533/PEG-b-PPFPA 3330 22% 46
2933 39 e
. 5857 28
Porous single-layer graphene
11850 22 2
Porous single-layer graphene . . . 8714 23
based membranes Polymer-functionalized single- 777 > 4
layer graphene
8730 33
11570 60 Average data
Pyridinic-N-substituted porous from 6
graphene 104201710 53.3£9.8 membranes in this
work

* Indicates the ideal selectivity; PEGDA: Poly(ethylene glycol) diamines; PEG: Poly(ethylene glycol); PDMS:
Polydimethylsiloxane; ~ PEG-b-PPFPA:  poly(ethylene  glycol)-block-poly(pentafluoropropyl  actylate); DAmPEG:
diaminopolyethylene glycol; TMC: trimesoyl chloride; ZIF-8: zeolitic imidazolate frameworks; UiO: Universitetet i Oslo.
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