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Porous carbons from pyrolysis of aromatic polycarboxylate precursors

COOK COOK COOK COOK
/@\ KooC KooC COOK
KOOC COOK COOK  KOOC COOK
COOK COOK COOK
L X JOJO©) 000 L X NOX® @000
000 L X X X© L X NOX® @000
000 000 @000 @000

@ Ultra-microporevolume @ Oxygen content @ CO,/N, separation performance



Interplay between oxygen doping and ultra-microporsity
improves the CGO/N, separation performance of carbons

derived from aromatic polycarboxylates

Saeed Khodabakhshi! Marco Taddef™ " Jennifer Rudd Matthew J. McPhersohYubiao
Niu ’ Richard E. Palmef,Andrew R. Barrod®®Enrico Andreofi*

®Energy Safety Research Institute, College of Emging, Swansea University, Bay Campus,
Swansea SA1 8EN, UK. Email: saeid.khodabakhshi@ssaac.uk; e.andreoli@swansea.ac.uk
®Department of Chemistry and Industrial Chemistrpjuérsity of Pisa, Via Giuseppe Moruzzi 13,

56124 Pisa, Italy. Email: marco.taddei@unipi.it

‘College of Engineering, Swansea University, Bay flmnSwansea, SA1 8EN, UK
YDepartment of Chemistry, Rice University, Housfexas 77005, USA
°Faculty of Engineering, Universiti Teknologi BrunBE1410, Brunei Darussalam

"These authors contributed equally

Abstract

Microporous carbons were prepared starting fronerées of benzene polycarboxylic acids
following two strategies: (i) activation- and teragd-free pyrolysis and (ii) ion-exchange
pyrolysis. The proposed synthetic strategies amlefaapproaches to produce highly
microporous carbons that avoid the use of largeusutsoof corrosive and expensive chemical
activators or templates. By varying the number afboxylic acid groups, the charge
balancing species and the degree of deprotonafiagheoprecursors, microporous carbons
with diverse morphologies, textural properties amglgen contents were obtained and their
CO, and N sorption properties were assessed. The abundampores made the materials
suitable for CQ adsorption at low pressure and ambient temperaticiéeving CQ uptake

as high as 4.4 mmol/g at 256 and 1 bar, competitive with those reported faope carbons
produced using large excess of alkali metal bas#idasing agents. It was found that high
performance, in terms of GQ@iptake and C&N, selectivity, was linked to the simultaneous
presence of large ultra-micropore volume and higligen content in the sorbents. This
suggests that the interplay of ultra-microporosibyd oxygen doping matters more than the
two features taken singularly in determining the DY separation properties of porous

carbons at low pressure.
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Introduction

Inorganic [1, 2], organic [3-5], polymeric [6], artdybrid inorganic—organic[7-10] porous
materials play a key role in many technologiesudtig water treatment, gas capture and
separation, supercapacitors, catalysis, sensassueti engineering, drug delivery, and
photonics [11, 12]. The pore walls of porous malerican interact with atoms, ions, and
molecules, or load and hold solid particles, ligidnd gases [13-15]. Among various porous
materials, porous carbons (PCs), also known agadetl carbons, have been vastly utilised as
liquid and gas adsorbents because of their higlaseirarea, tuneable pore size distribution,
notable stability against high temperature and kiity)i good adsorption kinetics,
sustainability, and cheapness [5, 16-18]. In addjtin order to achieve suitable properties
for specific applications [19-22], heteroatoms barnncorporated into the carbon framework,
either on the carbon surface or as a part of thaleat network [23-26].

The extensive and continued use of fossil fuels legl to the fast and large
accumulation of carbon dioxide (GQsulphur dioxide (S¢), and nitric oxide (NO), and soot
particles in the atmosphere [27]. Concern over €Rissions, which are the main cause of
global warming and climate change, has been grovastiessly in recent years. gCapture
is regarded as an effective measure to mitigateaté change, even though challenges still
remain to be addressed, such as high productiomegygsheration cost of the sorbent material
[28, 29]. Among various materials developed fortgmsnbustion CQ capture, PCs have
been known as promising candidates due to posgesal properties and presenting high
adsorption capacity and easy regeneration at amigerperature [30]. There are a number of
contributing factors influencing the gas uptakeporous materials including surface area,
pore volume and size, doping and even morphologthefadsorbent [31-35]. It is widely
agreed that, at atmospheric pressure,,G@th a kinetic diameter of 3.3 A, tends to be
accommodated in micropores smaller than 10 A [36]has indeed been found that
microporous structures are more favourable for, Qftake at low pressure (below 1 bar),
while mesoporous structures have higher captur®npeance at pressure higher than 1 bar
[37, 38]. In other words, lower pressures demarrdomger pores for adsorption [39]. In this
regard, a great deal of effort has been devot¢giltring PCs for desired applications mainly
based on the use of activating agents such as-alk#dl ions; however, carbon source and
activator can be crucial factors affecting the payieime and size.

There still exist controversial opinions as to wieet the textural properties are
dominant over surface chemistry in PCs to contr@, Capture efficiency at different

pressures. Note that we use the term “surface’imésandicate the guest-accessible surface,
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whereas we use “external surface” when referrinthéoportion of sample probed by X-ray
photoelectron spectroscopy (XPS). A classic exangplehether the capture performance of
oxygen-doped PCs is mostly dominated by the oxygerent or by the pore structure of the
sorbent. Oxygen doped porous carbons made fromeoxgigh polymer precursors have been
employed to show the significant impact of oxygenicreasing C@uptake performance,
especially at high pressure [40]. It also has meggested that the surface chemistry, rather
than the textural properties, governs the,Cé&pture performance at lower pressures, while
the textural properties become more important gidri CQ pressures, when the adsorption
process becomes controlled by the micropore filimgchanism [41, 42]. Carboxyls and
hydroxyls have been suggested as the most effeaxiygenated functionalities for selective
adsorption of CQ due to their high polarity, compared to carborgisl ethers [43, 44]. A
recent work reported that oxygen can actually beirdental to the capture performance,
although in this case the focus was on the exteundce functionalisation [45]. In the same
work, it was suggested that, at lower temperat(PexC), the effect of textural properties is
dominant over surface chemistry and that the uiti@ropore volume alone determines the
adsorption behaviour. Some authors have recentlygsed that both textural properties and
oxygen content contribute together to determineatih@rption behaviour of the sorbent [46,
47].

In this study, we used aromatic carboxylic acidpr@sursors to prepare microporous
carbons with morphology and textural propertietusrficed by both the number of carboxylic
acid groups in the precursor and the activationdit@ms. In particular, we investigated a
range of benzene polycarboxylic acids (BCAs), ngmigrephthalic acid (H2-TP), trimesic
acid (H3-TM), pyromellitic acid (H4-PM) and meltitiacid (H6-M) (Fig. 1), for the
production of oxygen-doped PCs. We chose these B&ise they have the same central
phenyl core but increasing numbers of carboxylamugs and can be good model compounds
to identify trends in textural properties, surfademistry, and gas separation performance.
The resulting PCs were fully characterised usingctebn microscopy, CHN elemental
analysis, XPS and gas sorption analysis, and thgec@@ture performance was correlated to
their composition and porous features. The propasgoroach could be considered to
produce cheap porous carbon from oxy-cracked metnolcoke, a byproduct of oil refinery,

rich in carboxyl groups [48].
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Fig. 1.Benzene polycarboxylic acids used in this studgrasursors of microporous carbons.

Experimental section
Materials
All chemicals were purchased from Sigma-Aldrich asdd without further purification.

Synthesis

Products P-H3-TM and P-H6-M were obtained by dinggtolysis of H3-TM and H6-M,
respectively, without any pre-treatment in a cylioal furnace at 800 °C under Ar for 1 h
with a heating rate of 1 °C/s.

The process for PCs obtained from ion-exchanged 8Aas follows: the BCA
precursors were added into the agueous MOH (wherekyINa) solution with the following
MOH/BCA ratios: KOH/H2-TP 2:1, KOH/H3-TM 3:1, NaOHB-TM 3:1, KOH/H4-PM 4:1,
KOH/H6-M 6:1, KOH/H6-M 3:1. The mixture was stirretl 70 °C for 3 h, followed by water
evaporation under reduced pressure. The ion-exelagpigpducts were dried in an oven at 90
°C for 4 h prior to carbonisation. Then, the sampigs put in a ceramic boat in the
cylindrical tube followed by thermal treatment undegon at 800 °C for 1 h with a heating
rate of 1 °C €. The resulting sample was washed with deionisgdl &hd then immersed in
HCI solution (0.1 N) under stirring for 15 min. A&ftthat, the sample was thoroughly washed
with deionised HO until neutral pH was achieved. The final PCs wabtained after drying

in a vacuum oven at 80 °C overnight.



Characterisation

Scanning Transmission Electron Microscopy (STEM) @aransmission Electron Microscopy
(TEM) were performed with a Thermo Fisher Scieatifalos F200X at 200 kV. The STEM
was conducted with a convergence angle of 20 mnadaahigh angle annular dark field
(HAADF) detector operating with inner and outer lasgof 62 mrad and164 mrad. SEM
images of the PCs were obtained with a JEOL 786 BEM (JEOL, Akishima, Tokyo,
Japan). The Raman data of the PCs were recordembmt temperature using a Renishaw
inVia Raman Microscope (Renishaw plc, Miskin, Pahin, UK) with excitation wavelength
of 633 nm. The elemental analyser (Vario EL cubev@many) was used to determine the
amount of carbon, hydrogen and oxygen.

XPS was performed using a Kratos Axis Supra (Kr&toalytical, Japan) utilising a
monochromatic Al-K X-ray source (& 1486.58 eV), 15 mA emission current, magnetic
hybrid lens, and slot aperture. Region scans wer@mpned using a pass energy of 40 eV and
step size of 0.1 eV. Peak fitting of the narrowioagspectra was performed using a Shirley
type background, and the synthetic peaks werenoiikad Gaussian-Lorentzian type. Carbon
spf was used for charge referencing with the bindimeygy of thesp” carbon set to 284.0 eV.

N, adsorption/desorption isotherms at 77 K and, @@sorption isotherms at 273 K
were obtained using a Quantachrome Nova 2000E (@cimome Instruments, Boynton
Beach, FL, USA). About 50-100 mg of sample was u3é@ samples were degassed at 150
°C for 4 h under dynamic vacuum prior to analySipecific surface areas were determined
by applying the Brunauer—-Emmett-Teller (BET) methodthe N isotherms. The BET
equation was fitted in the following R/Panges: P-K2-TP: 0.002-0.032; P-K3-TM: 0.0028-
0.045; P-K4-PM: 0.003-0.043; P-K6-M: 0.0013-0.08:H3-TM: 0.002-0.03; P-Na3-TM:
0.006-0.034; P-H3K3-M: 0.005-0.064; P-H6-M: 0.002643. Total pore volume was
measured at P¢rof 0.9 in the N isotherms. Micropore volume was determined usimgytt
plot method (Carbon Black equation) applied inQte- 0.45 P/RPrange of the Blisotherms.
Pore size distribution in the range of pore width A was determined applying the
Equilibrium model within the Quenched solid Dendtynctional Theory (QSDFT) method
to the N isotherms, assuming slit-shaped pores. Pore $&tebdtion in the range of pore
width <15 A was determined applying the Non-LinBansity Functional Theory (NLDFT)
method to the C@isotherms.

High pressure COand N adsorption isotherms up to 10 bar were measuréd avi
Quantachrome iSorb High Pressure Gas Analyser (&gt 25 °C, 35 °C and 45 °C for
CO; and at 25 °C for N About 200 mg of sample was used for the adsarptadies. All
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the samples were degassed at 160 °C under dynamicum for 2 h prior to analysis.
Degasification temperature was internally conteblby covering the cell containing sample
with a thermal jacket, while the adsorption tempee was adjusted by a jacketed beaker
connected to a circulating bath containing a watbkylene glycol mixture. The GO
adsorption isotherms were fitted with the Dual-&iéagmuir model:

k1-P k2-P
Tk P TrRzP
The CQ isotherms were also fitted with the Virial equatiausing six common parameters

n=ql

(a0, a1, a2, a3, a4, a5, pbor three isotherms:
5
1 i
InP = lnn+72 a;n'+ by
i=0

The N, adsorption isotherms were fitted with the Langnmiodel. Isosteric heats of GO
adsorption (Qst) were calculated in two ways: ingshe Clausius-Clapeyron equation, from
the isotherms collected at 25, 35 and 45 °C atelfivith the Dual Site Langmuir model; II.
using the five temperature dependent parameteis toskt the Virial equationg0, al, a2,
a3, a4, a). Ideal adsorbed solution theory (IAST) selecyivdr a 0.15:0.85 C&N, mixture

at 25 °C in the 1-10 bar pressure range was cagrlilzsing the softwaldST++ [49].

Results and Discussion

Scheme 1 represents pathways to produce oxygenl gmpeus carbon from BCAs as carbon
and oxygen source, either in protonated form ornmeutralised with NaOH or KOH. We
note that the hydroxide activating agent is heredus strictly stoichiometric amounts, in
order to avoid the drawbacks associated with ushfgrge excess of activating agents, such
as corrosion, low yield and environmental hazaf@l.[$Successful direct pyrolysis was only
observed for H3-TM and H6-M, whereas H2-TP and HA-Bublimed before being
carbonised. The yield of PCs derived from pyroly&idH3-TM and H6-M (~25-30%) was
lower than those derived from their ion-exchangednterparts (45-55%), suggesting that

aromatic salts benefit from higher stability andlergo less burn-off.
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Scheme 1.Reaction Scheme for the PCs synthesis using benpetycarboxylic acid

precursors.

We prepared and characterised a total of eight kmmpor the sake of clarity, we
have separated them into the following three semdsch will be discussed separately in
order to identify dependence on one parameter attithe: 1) Effect of the number of
carboxylic groups on the aromatic ring of BCAs e. itwo, three, four, six — when fully
neutralised with KOH. These samples are named H2P-K3-TM, P-K4-PM, P-K6-M,
respectively. 2) Effect of the nature of the chaogéancing species — i.e. H, Na, K —in TM.
These samples are named P-H3-TM, P-Na3-TM and AM3respectively. 3) Effect of the
degree of deprotonation in M — i.e. zero, threg,-swwhen neutralised with KOH. These
samples are named P-H6-M, P-H3K3-M, P-K6-M, respelt.

Effect of the number of carboxylic acids

We started our investigation by preparing a seofesamples, derived from commercially
available BCA precursors, with varying number ofbcxylate groups. The effect of number
of COOK groups on the morphology of the resultingsPvas investigated by SEM, TEM

and STEM. SEM images (Fig. S1, see Supporting inébion, Sl) for products shows an
agglomeration of carbon particles forming differeshiapes, evident at high magnification.
Using STEM and TEM, a better picture of the surfaa@phology was gathered, see Fig. 1
and Fig. S2 (Sl). As can be seen from Fig. 1, alaimapherical shape in range of 50-200 nm
is observed for P-K3-TM and P-K6-M, with plenty pdres especially visible in the former.
P-K2-TP displayed ill-defined shape and P-K4-PM vedd sheet-like morphology with

evidence of pores with size of about 50 nm.



P-K3-T™M

P-K4-PM P-K6-M
Fig. 1 STEM images of P-K2-TP (top left panel), P-K3-TMtright panel), P-K4-PM
(bottom left panel) and P-K6-M (bottom right panel)

CHN elemental analysis shows that the oxygen corftamd in the pyrolysed product is
inversely proportional to that of the BCA precutsacreasing in the order P-K6-M < P-K4-
PM < P-K3-TM < P-K2-TP (Table 1). The observed irseetrend of the oxygen content
between salt precursors and obtained PCs is liketause the presence of more oxygen in
precursor demands more MOH in stochiometric rdd¢iagling to further burn-off and release
of more CO and Cg& which can subsequently leave the PC with lowsmexr content and

vice versa [50].



Table 1. Elemental composition of porous carbonsveeé from KOH-neutralised BCA
precursors.

Elemental composition

Precursor Pyrolysed (Wt%) O/C molar ratio  O/C molar ratio
Product (from EA) (from XPS)?
C H (e}
kooo—_)—cook P-K2-TP 7979 164 1850 0.175 0.313
COOK
/@\ P-K3-TM 84.35 1.63 14.02 0.125 0.120
KOOC COOK
KOOC. COOK
I P-K4-PM 87.72 105  11.22 0.096 0.277
KOOC COOK
COOK
KOOC COOK
f\j P-K6-M 9120 083  7.97 0.066 0.258
KOOC COOK

COOK

& Derived from the atomic percentages reported 81

The XPS analysis of the samples shows that bothonaand oxygen are present, while no
evidence of residual potassium is seen (Fig. 2Taatnles S1-2, see Sl). The C 1s spectrum
consists of five peaks including pure carbon andlisgd carbon. All spectra are similar,
which is expected for this group of samples as dhly difference between them is the
number of oxidised carbons on the precursor matésobserved by Raman spectroscopy
(Fig. S3, see SI), the carbon-carbon bonds areepreas a mixture ofp® and sp’
hybridisations, displaying binding energies of Z8dnd 284.8 eV, respectively. The oxidised
carbon is a mixture of alcohols/ethers (286.1-288/%, carbonyls (287.4-287.9 eV) and
carboxylate-like groups (288.6-288.9 eV) [44, 48, 81]. However, it is only by correlating
the C 1s data with the O 1s data that the truer@atfithe carbon-oxygen bonds can be
elucidated. Deconvolution of the O 1s spectra nevélaree main contributions, whose
binding energies suggest presence of C=0 (531.4 €éW) (533.0 eV) and O-H groups
(534.0 eV) [44, 46, 47, 51]. Except for P-K3-TNhetratios of carbon to oxygen in the
samples are not in good agreement with those adataby elemental analysis (Table 1).
However, it is important to note here that XPS sidace technique and only scans the top 5
nm of a sample, whereas elemental analysis is & taghnique. In addition, elemental
analysis measures the quantity of hydrogen presehe sample, which XPS is unable to do.
Comparing the values of CHN analysis and XPS, wese that P-K4-PM and P-K6-M have
most of their oxygen concentrated near the extesnehce. A similar observation can be
made for P-K2-TP, even though in this case therelmmncy between CHN and XPS is

smaller.
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Fig. 2 XPS spectra of the samples P-K2-TP, P-K3-TM, PRM-and P-K6-M. High
resolution spectra of C 1s (left) and O 1s (right).

N, sorption analysis at 77 K reveals that all the gasare predominantly microporous,
adsorbing most Nat P/B below 0.1. P-K4-PM and P-K6-M also feature lithgsteresis
above 0.4 P/R suggesting that they contain a small amount ofaperes (Fig. 3a). BET
surface areas range between 12f@jfor P-K2-TP and 1933 fig for P-K6-M (Table 2).
The total pore volume increases with increasing lmemof carboxylic groups in the
precursor, but in terms of micropore volume P-K3-EVhigher than P-K4-PM (0.57 ¢érg*

vs 0.49 ci g*, respectively, Table 2). The pore size distribu{SD) derived from the N
isotherms at 77 K shows that P-K6-M features a miacher share of supermicropores

having diameter comprised between 1 and 2 nm thamther samples (Fig. 3b and Fig. S4
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see Sl). These pores make up nearly 50% of the yatene of P-K6-M. CQ sorption
analysis at 273 K reveals that P-K3-TM uptakesmaar&able 150 cthg™ (6.7 mmol &) at
760 torr, with the other samples all reaching valinethe vicinity of 120 crhg® (5.4 mmol g

) (Fig. 3c). PSD derived from the G@otherms at 273 K displays similar pore strugture
with P-K3-TM having the highest share of ultramfmoees (i.e. with diameter < 8 A),
peaking at 0.32 cfng’ (Fig. 3d and Fig. S5). P-K6-M displays the lowastount of very
narrow pores having diameter between 3 and 4 Achvban be especially effective for €O

adsorption at low pressure.

a) —e— PK2-TPads —e— P-K4-PMads
800 —o— P-K2-TPdes —o— P-K4-PMdes
—e— P-K3-TM ads °© P-K6-M ads
—o— P-K3-TM des P-K6-M des —e— P-K2-TP
—e—P-K3-TM
—e— P-K4-PM
o P-K6-M
‘o
E
s
2
s
-4
=]
Zo=g
0 - - r r T T T T T T T T T
0 0.2 0.4 06 08 1 10 15 20 25 30 35 40 45 50
Relative Pressure (P/Pc) Pore width (A)
175
C) d) 0.35

P-K2-TP
P-K3-TM
P-K4-PM
P-K6-M

150 034

tt

0.25

o
)

Uptake (cm®g™)
o
o

dv(r) cm* A’ g")

o

o
o
a

o

T T T y T T T T T
0 200 400 600 800 2 4 6 8 10 12 14 16
Pressure (torr) Pore width (A)

Fig. 3 N, adsorption isotherms collected at 77 K (a) andltieg pore size distribution (b),
CO, adsorption isotherms collected at 273 K up to 7@® (c) and resulting pore size
distribution (d) for P-K2-TP (red), P-K3-TM (blue®-K4-PM (olive) and P-K6-M (orange).
Displayed lines connect experimental points.
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Table 2. Textural properties and G@ptake values at various pressures for P-K2-TP3P-K
TM, P-K4-PM and P-K6-M.

CO, uptake at 25 °C

BET s.a. Total po;e M|cropoLe UItram|crochore (mmol g?)
Sample (m? g% V0|Lém? vollém? volusm?
(cm”g~) (cm”g~) (cm”g) 0.15 bar 1 bar 10 bar
P-K2-TP 1210 0.51 0.44 0.27 1.3 4.0 8.2
P-K3-TM 1533 0.63 0.57 0.32 1.3 4.4 10.1
P-K4-PM 1390 0.64 0.49 0.26 1.1 3.9 9.5
P-K6-M 1933 0.88 0.69 0.24 0.9 3.8 12.4

@Measured at P{= 0.9;° From t-plot applied to Nisotherm? Cumulative pore volume at pore width of 8 A fronresize
distribution derived from C@sorption at 273 K (Figure S5)From high pressure G@sotherms.

High pressure C@isotherms, measured up to 10 bar at 25 °C, shatvRKK3-TM perform
best at pressure below 1 bar, up-taking as muehdammol g of CO,, but P-K6-M is able

to adsorb considerably more €@an any other sample at 10 bar (12.4 mnol (§ig. 4a
and Table 2). These observations can be ratiodaligenoting that P-K3-TM has the largest
amount of ultra-micropores, which are effectivadsorbing C@at low pressure, whereas P-
K6-M has the largest amount of large microporesiclwvirequire higher pressures to be
covered. The different behaviour of P-K2-TP and £BM at low pressure could be
explained invoking two concurring factors: the s&sphave similar ultra-micropore volume
(0.27 cni gt vs 0.26 cr g, respectively, Table 2), even though P-K2-TP displsljghtly
higher cumulative pore volume below 5 A (Fig. Si):addition, P-K2-TP contains nearly
twice as much oxygen than P-K4-PM (18.50% vs 11.288gpectively), which could be
beneficial to further increase the affinity of ggrface for C@ The remarkable performance
displayed by P-K3-TM at low pressure can be attatiuo a favourable combination of high
ultra-micropore volume and oxygen content (14.02%h)s is in line with some very recent
works, which suggest that both narrow micropored axygenated functional groups are
indeed necessary to increase the affinity for, 4B, 47]. This is likely due to the polar
character conferred to small pores by oxygenatatttionalities, where the adsorbate
experiences intimate interactions with the pordsyahus creating a favourable environment
for the strongly quadrupolar and highly polarisal®, molecule. The fact that P-K3-TM
(ultra-micropore volume = 0.32 éng*, oxygen content = 14.02%) performs slightly better
than P-K2-TP (ultra-micropore volume = 0.27%ut, oxygen content = 18.50%) at 0.15 bar
points towards ultra-micropore volume being mor@antiant than oxygen content. In order

to gain more insight into the adsorption behaviouthe samples, the isosteric heat of,CO
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adsorption (Qst) was extracted from the G@sorption isotherms collected at 25, 35 and 45
°C, which were fitted with both the Dual Site Langmequation, applying the Clausius-
Clapeyron equation, and the Virial equation (Fi§-13, Tables S3-10). The trends of Qst
derived from the Clausius-Clapeyron equation sugtes P-K2-TP and P-K3-TM could
reach higher values than the other samples, bufattethat these grow as the loading
increased up to about 2 mmof dndicates that the model does not provide a cotelyle
realistic picture of the phenomenon, because ttengest adsorption sites (i.e. those with
higher Qst) should be filled first and the Qst dHogradually decrease at higher loadings
(Fig. S14). The Qst trends obtained from the Viaglation are, instead, more canonical
(Fig. 4c) and appear to confirm the beneficial efief oxygen content: P-K2-TP and P-K3-
TM display Qst at zero coverage of 31 and 30 kJ'maspectively, more than 2 kJ rtol
larger than that of P-K4-PM and more than 4 kJ Matger than that of P-K6-M. High
pressure Misotherms, measured up to 10 bar at 25 °C, shatwRHK3-TM uptakes the least
amount of N, whereas the other samples show very similar §€R@y. 4b, Fig. S15-18,
Tables S11-14). This suggests that the combinatiderge ultra-micropore volume and high
oxygen content is beneficial in reducing the affirior N,. This is in stark contrast with what
observed for C® and can be rationalised based on the small quadmupnoment and
polarisability of the M molecule. The combination of high ¢@nd low N uptake makes P-
K3-TM remarkably more selective than the other dasprhe calculated GIN, selectivity

of P-K3-TM, according to the ideal adsorbed solutibeory (IAST) for a 0.15:0.85 mixture
at 1 bar total pressure, is 32, about twice as naglthat displayed by the other samples
(comprised between 12 for P-K6-M and 18 for P-K2-TRg. 4d). Furthermore, the
selectivity of P-K3-TM increases with pressure,cteag a value of 55 at a total pressure of
10 bar, whereas the other samples stay roughlytaang the same pressure range. The
combination of high C@uptake and high selectivity makes P-K3-TM a prangissorbent
for application in a pressure swing adsorption s process. When compared with other
PCs reported in the literature, P-K3-TM displays,@ptake, at both 0.15 bar and 1 bar at 25
°C, competitive with the best performing sorberftalle S15). It is worth to note that all
methods used to prepare PCs in Table S15 (seel$bm the alkali-metal activation through
changing the ratio between precursor and activatat there is no stochiometric-based

calculation.
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Fig. 4 High pressure C@Qadsorption isotherms (with inset up to 1 bar)exikd at 25 °C (a),
high pressure N adsorption isotherms collected at 25 °C (b), mostheats of C®
adsorption (Qst, c) derived from Virial fitting addST selectivity in the 1-10 bar pressure
range at 25 °C for a 0.15:0.85 @R, mixture (d) for P-K2-TP (red), P-K3-TM (blue), P4K
PM (olive) and P-K6-M (orange). Displayed lines @eal Site Langmuir fits in (a) and

Langmuir fits in (b).

Effect of the charge balancing species

Having observed that H3-TM could be pyrolysed with need to neutralise with KOH, we
sought to gain better understanding of the trineegsécursor system by investigating the
properties of porous carbons derived from the saamboxylate species, but with different
charge balancing species, i.e. H, Na and K.

As can be seen from Fig. 5, the morphology of tliea samples varies considerably:
oval shaped particles with size < 100 nm are seePfH3-TM, P-Na3-TM takes the shape
of vesicular particles, while P-K3-TM led to spluati particles, as already noted above. SEM
and TEM figures are displayed in Fig. S19-20 (ske S
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P-H3-TM P-Na3-TM P-K3-T™M

Figure 5. STEM images of PH-3-TM, P-Na3TM, and P-K3-TM.

CHN elemental analysis shows that the oxygen confieind in the pyrolysed
product is influenced by the nature of the cati@pecies and it increases in the order H < Na
<< K (Table 3). This trend might be related withffelient interactions between the
carboxylate groups and the positive species egistirthe precursors, which become stronger
as the size of the cation becomes larger, thusinigath retaining more oxygen upon
pyrolysis. We are not aware of other studies emptpgimilar precursors, therefore there is

no reliable term of comparison against which osuhs can be benchmarked.

Table 3. Elemental composition of porous carbons derivednftrimesate precursors with
different charge balancing species.

Elemental

composition (Wt%)  o/C molar ratio  O/C molar ratio
Precursor Pyrolysed Product (from EA) (from XPS)

C H 0]

COOH

P-H3-TM 97.00 021 279 0.021 0.233
HOOC COOH
COONa
P-Na3-TM 9323 067 6.0 0.049 0.083
NaOOC COONa
COOK
/@\ P-K3-TM 8435 163 14.02 0.125 0.120
KOOC COOK

The XPS spectra were fit and peaks assigned faligwhie method described in the
previous section (Fig. 6). For all samples theoragtweersyf andsp’ carbon is in favour of
the former. However, in going from P-H3-TM to P-NaBl to P-K3-TM the ratio decreases
(Table S16). Although this dominance is not obsgrvethe Raman spectroscopy (Fig. S21,
see Sl), where all the spectra are very similas th probably due to the high surface
sensitivity achieved using XPS. From the O 1s spethe same three oxygen environments

are observed, with no outstanding differences betwdifferent samples. It is worth noting
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that P-H3-TM has the lowest O/C ratio from CHN gsa& (0.021), but the highest one
(0.233) from XPS, suggesting that majority of the/gen is concentrated near its external

surface (Table 3).
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Fig. 6 XPS spectra of the samples P-H3-TM, P-Na3-TM a#BF M. High resolution
spectra of (left) C 1s and (right) O 1s.

N, sorption analysis at 77 K reveals that P-H3-TM &a3-TM have very similar
isotherms, leading to determine BET surface aré&8bnf g and 708 rhg*, respectively,
much lower than that of P-K3-T§1533 nf g*, Fig. 7a and Table 4). The same trend can be
seen for total pore volume, micropore volume antfatrhicropore volume (Table 4).
Accordingly, the pore size distribution (PSD) dedvfrom the Nisotherms at 77 K shows
that P-K3-TM features a larger share of large ngores than P-H3-TM and P-Na3-TM (Fig.
7b and Figure S22). The lower porosity of P-H3-Thl&-Na3-TM is indicative of less
burn-off occurring during pyrolysis. GGsorption analysis at 273 K reveals that P-H3-TM
and P-Na3-TM uptake considerably less,G@fan P-K3-TM at 760 torr (90 chy’ or 4.0
mmol g* for P-H3-TM; 113 cmi g™ or 5.0 mmol g for P-Na3-TM; 150 crhg™ or 6.7 mmol
g* for P-K3-TM; Fig. 7c). PSD derived from the €@otherms at 273 K displays similar
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pore structure, with P-K3-TM having a much largeare of ultra-micropores than the other

two samples (Fig. 7d and Fig. S23 see SI).
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Fig. 7 N, adsorption isotherms collected at 77 K (a) andltieg) pore size distribution (b),
CO, adsorption isotherms collected at 273 K up to 7@® (c) and resulting pore size
distribution (d) for P-H3-TM (red), P-Na3-TM (bluand P-K3-TM (olive). Displayed lines

connect experimental points.

Table 4. Textural properties and GQiptake values at various pressures for P-H3-TM, P-
Na3-TM and P-K3-TM.

CO, uptake at 25 °C

BET Total pore  Micropore  Ultramicropore (mmol g?)
Sample s.a. volume® volume® volume®
(m*gh)  (cm’g?) (em® g (em® g 0.15bar 1 bar 10 bar
P-H3-TM 681 0.25 0.25 0.19 1.1 3.0 5.6
P-Na3-T™M 708 0.31 0.26 0.23 1.2 3.3 6.5
P-K3-TM 1533 0.63 0.57 0.32 1.3 4.4 10.1

aMeasured at P§= 0.9;° From t-plot applied to Nisotherm:* Cumulative pore volume at pore width of 8 A
from pore size distribution derived from g@orption at 273 K (Figure S18Y; From high pressure GO
isotherms.
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High pressure C@isotherms, measured up to 10 bar at 25 °C, shawRHK3-TM performs
best over the whole pressure range (Fig. 8a ankk PabThis is due to the fact that P-K3-TM
has the largest volume of micropores and ultra-opicres and the highest oxygen content of
the series. The trends of Qst show that P-H3-TMthasighest value at zero coverage (32.5
kJ mol?), exceeding those of P-Na3-TM and P-K3-TM, botsptiying 30 kJ mél (Fig. 8c,
Fig. S24-28, Tables S17-20). This observation isstaightforward to rationalise, as P-H3-
TM has both the lowest oxygen content and the lowkga-micropore volume. A possible
explanation is that this sample features peculiafase chemistry within the bulk that
enhances the affinity for GOand escapes the range probed by XPS. High pred§ure
isotherms show that P-K3-TM uptakes the least amo@ilN,, whereas the other samples
show very similar trends (Fig. 8b). This furthernfions that a combination of ultra-
micropores and high oxygen content is crucial tuoe the affinity to Bl Also in this case,
the calculated C&N, selectivity at 1 bar total pressure of P-K3-TM )& much higher than
that displayed by the other samples in the samdittons (20) (Fig. 8d, Fig. S29-30, Tables
S21-22 see Sl). These results suggest that neatirah with KOH is essential to produce a
PC with a combination of high micropore volume axggen content, which performs much
better than the products obtained from either dipgcolysis of the polyacid precursor or
pyrolysis of a NaOH neutralised precursor.
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Fig. 8 High pressure C@Qadsorption isotherms (with inset up to 1 bar)exikd at 25 °C (a),

high pressure N adsorption isotherms collected at 25 °C (b), mostheats of C®
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adsorption (Qst, c) derived from Virial fitting andST selectivity in the 1-10 bar pressure
range at 25 °C for a 0.15:0.85 ¢, mixture (d) for P-H3-TM (red), P-Na3-TM (blue) and
P-K3-TM (olive). Displayed lines are Dual Site Lamgjr fits in (a) and Langmuir fits in (b).

Effect of the degree of deprotonation
We found that also H6-M could be pyrolysed withmeed to neutralise with KOH, which
suggested that we could look at the effect of &diht degree of deprotonation for the
mellitic precursor. Therefore, we prepared one dangparting from a half deprotonated
mellitic acid precursor, named P-H3K3-TM.

A notable feature that emerges from STEM analysibat, while P-H6-M and P-K6-
M resulted in elliptical and spherical particles similar size (about 50 nm), partial
deprotonation, resulting in P-H3K3-M, yielded ufine and transparent carbon sheets (Fig.
9). SEM and TEM images for all samples can be fdarfelg. S31-32 (see Sl).

P-H6-M P-H3K3-M P-K6-M

Fig. 9 STEM images of P-H6-M, P-HK3-M, P-K6-M.

CHN elemental analysis shows that the oxygen confietnnd in the pyrolysed
products depends on the degree of deprotonationnanelases in the order K6 < H3K3 <<
H6 (Table 5). Thus, there is an evident differebegveen the retention of oxygen of TM and
M precursors: while H3-TM retains much less oxygem K3-TM, H6-M retains much more
oxygen than K6-M. A notable difference between TMi @/ precursors is in the relative
position of carboxylate groups: in TM, the threegboxylates are inmeta position with
respect to each other, whereas in M the six calbateg are irortho position with respect to
each other. In the latter case, high temperategdrtrent can lead to condensation of adjacent
carboxylates to form anhydrides, which are likalystabilise the system, leading to higher

oxygen retention during pyrolysis. When half of tterboxylates in M are deprotonated,
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there is no possibility anymore for anhydrides aof, with consequent loss of most of the
oxygen during pyrolysis. A similar explanation che extended to the fully deprotonated
mellitate precursor. XPS (Fig. 10) shows that, withreasing deprotonation, the oxygen
tends to be more concentrated on the externalcgu(féable 5 and Table S23 see Sl). Whilst
the spectra of the deprotonated materials are aintd those discussed earlier in the
manuscript, there are some differences for P-H3K3Hi4 sample does not display the O-H
feature in the O 1s spectrum. P-H6-M also differshiat there is no contribution to the C 1s
spectrum from pi-pi* interactions. Raman spectrapldly very similar G-D ratio for all

samples (Fig. S33, see SI).

Table 5. Elemental composition of porous carbons deriveaimfrmellitate precursors at
different deprotonation degrees.
Elemental analysis (Wt%) o/C molar ratio  O/C molar ratio

Precursor Pyrolysed Product

C H (o) (from EA) (from XPS)
COOH
HOOC COOH
HoOC COOH P-H6-M 66.32 0.64 33.04 0.375 0.110
COOH
COOH
KOOC COOK
HOOC COOH P-H3K3-M 89.88 0.88 9.24 0.077 0.131
COOK
COOK
KOOC COOK
P-K6-M 91.20 0.83 7.97 0.066 0.258
KOOC COOK

COOK
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Fig. 10XPS spectra of the samples P-H6-M, P-H3K3-TM asbPM. High resolution
spectra of (left) C 1s and (right) O 1s.

N, sorption analysis at 77 K reveals that P-H6-M &wH3K3-M also display
isotherms indicative of abundant microporosity, kbeir N, uptake at saturation is
considerably different, leading to determine BETate areas of 1214g™* and 2252 g
! respectively (Fig. 11a and Table 6). Both themleias are, in turn, quite different from that
of P-K6-M (1933 nf g*, Fig. 11a and Table 6). The same trend can be feedntal pore
volume, micropore volume and ultra-micropore volufhable 6). The pore size distribution
(PSD) derived from the Nsotherms at 77 K shows that P-H3K3-M and P-K6-Mtdee a
similarly large share of large micropores, muclyéarthan P-H6-M, (Fig. 11b and Fig. S34
see Sl). C@sorption analysis at 273 K reveals that P-H3K3sVable to uptake more GO
than the other samples at 760 torr (163 grhor 7.3 mmol ¢ for P-H3K3-M; about 126 cth
g* or 5.6 mmol g for P-H6-M and P-K6-M; Fig. 11c). PSD derived frahe CQ isotherms
at 273 K displays similar pore structure, with PK33V having a much larger share of ultra-

micropores than the other two samples (Fig. 11drRagdS27, see Sl).
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Fig. 11 N, adsorption isotherms collected at 77 K (a) andltieg) pore size distribution (b),
CO2 adsorption isotherms collected at 273 K up @0 %rr (c) and resulting pore size
distribution (d) for P-H6-M (red), P-H3K3-M (blugnd P-K6-M (olive). Displayed lines

connect experimental points.

Table 6. Textural properties and GQuptake values at various pressures for P-H6-M, P-
H3K3-M and P-K6-M.

CO, uptake at 25 °C

BET Total pore Micropore Ultramicropore (mmol g?)
Sample s.a. volume® volume® volume®

(m?gh) (cm’g?) (cm® g (cm® g 0.15bar 1 bar 10 bar
P-H6-M 1214 0.54 0.43 0.25 1.4 4.2 8.4
P-H3K3-M 2252 0.94 0.85 0.31 1.0 4.0 12.2
P-K6-M 1933 0.88 0.69 0.24 0.9 3.8 12.4

2Measured at P{= 0.9;° From t-plot applied to Nisotherm:* Cumulative pore volume at pore width of 8 A
from pore size distribution derived from G®orption at 273 K (Figure S27¥; From high pressure GO
isotherms.

High pressure C@isotherms, measured up to 10 bar at 25 °C, shawwRRH6-M
performs best in the pressure range below 1 bgr {Ria and Table 6). P-K6-M and P-H3K3-

M display similar trends, with the latter performirslightly better at low pressure. We

23



attribute this to the fact that P-H6-M has by fae targest oxygen content (33.04%) of the
series, most of which is concentrated in the bultt probably compensates its relatively low
ultra-micropore volume. This is corroborated by viadue of Qst for this sample, which tops
at 32 kJ mot at zero coverage, 6 kJ ridhigher than P-K6-M and P-H3K3-M (Fig. 12c, Fig.
S36-40, Tables S24-27 see Sl). High pressurssdtherms show that all the samples uptake
similar amounts of N(Fig. 12b, Fig. S41-42, Tables S28-S29 see Slanks to the higher
CO, uptake at low pressure, the calculated.B selectivity of P-H6-M at 1 bar total
pressure (18) is 50% higher than that displayethbyother samples (12) (Fig. 12d). These
results suggest that a high oxygen content in B@sainly beneficial at low partial pressures,
affording improved uptake and selectivity. Parti@utralisation of the precursor affords a
different product from full neutralisation in terntg textural properties, but with similar
oxygen content, even though the distribution of tbkygen within the sorbent changes.
However, in terms of COcapture performance the main differences are sé&&m moving
from the product of direct pyrolysis of the polyagrecursor to those obtained by pyrolysis

of activated precursors.
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Fig. 12 High pressure C@adsorption isotherms (with inset up to 1 bar)esdkd at 25 °C
(@), high pressure Nadsorption isotherms collected at 25 °C (b), mostheats of C®

adsorption (Qst, c) derived from Virial fitting addST selectivity in the 1-10 bar pressure
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range for a 0.15:0.85 G, mixture (d) for P-H6-M (red), P-H3K3-M (blue) afiK6-M

(olive). Displayed lines are Dual Site Langmuisfih (a) and Langmuir fits in (b).

Conclusion

In this work, we studied the morphology, chemicamgposition, textural properties and
CO./N, separation performance of PCs obtained by pymlg$ibenzene polycarboxylate
precursors. Carboxylic groups provide an opporjuihit produce oxygen doped PCs by
employing stoichiometric amounts of hazardous alkedtal based activating agents. In all
cases, PCs with high share of micropores were mddaiwhereas ultra-microporosity and
oxygen content proved to be dependent on the nabfiréhe precursor. Systematic
investigation of three parameters was undertakeméerstand their effect on the properties
of the resulting PCs: (i) number of carboxylateup® in the KOH neutralised precursor,
ranging from two to six; (ii) nature of the chargalancing species in a trimesate precursor,
namely H, Na and K; (iii) degree of deprotonationai mellitate precursor. We found that
increasing the number of carboxylic groups - aretdfore the amount of K - in the precursor
led to decreasing oxygen content and ultra-micragity, accompanied by lower uptake of
CO, at low pressure and GO, selectivity. Changing the cation in the trimesatecursor
showed that K affords a PC with higher oxygen content and uitiaroporosity (P-K3-TM),
resulting in better separation performance, thamamtl Na. The main effect of the degree of
deprotonation was observed when moving from a fphytonated mellitate (P-H6-M) to a
half deprotonated one (P-H3K3-M). Overall, the bgstformance, in terms of both GO
uptake at 0.15 and 1 bar and £ selectivity, was observed for P-K3-TM, which feas
the third highest oxygen content and highest uttreropore volume of all the investigated
samples. High oxygen content (as exemplified by@Mj or high ultramicroporosity (as
exemplified by P-H3K3-M) alone were not enough tm$t both CQ uptake and C&N.
selectivity. This indicates that the interplay beén ultra-microporosity and oxygen content
matters more than the two features taken singulaRyK3-TM shows competitive
performance with other PCs reported in the liteetand activated using excess of alkali
metal based activating agents. Moreover, it dispkgingular increase in G, selectivity
with increasing pressure, reaching a maximum o&t50 bar, which makes it an attractive
sorbent for PSA.
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