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Abstract

Hydrochar, i.e., hydrothermally carbonized biomass, is generating a great
interest as precursor for the synthesis of advanced carbon materials owing to
economical, sustainability and availability issues. Hereby its versatility to
produce adsorbents with a porosity adjusted to the targeted application, i.e., low
or high pressure gas adsorption applications is shown. Such tailoring of the
porosity is achieved through the addition of melamine to the mixture
hydrochar/KOH used in the activation process. Thereby, high surface area
carbons (> 3200 m? g') with a bimodal porosity in the micro-mesopore range
are obtained, whereas conventional KOH chemical activation leads to
microporous materials (surface area < 3100 m? g'). The micro-mesoporous

materials thus synthesized show enhanced ability to store both H, and CO, at



high pressure (= 20 bar). Indeed, the uptake capacities recorded at 20 bar, ca. 7
wt % Hy (-196 °C) and 19-21 mmol CO; g™ (25 °C), are among the highest ever
reported for porous materials. Furthermore, the micro-mesoporous sorbents are
far from saturation at 20 bar, and achieve much higher CO, uptake at 40 bar
(up to 31 mmol CO, g') (25 °C) compared to 23 mmol CO, g’ for the
microporous materials. In addition, the micro-mesoporous materials show
enhanced working capacities since the abundant mesoporosity ensures higher
capture at high uptake pressure and the retention of lower amounts of adsorbed

gas at the regeneration pressure used in PSA systems.
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Introduction

The development of porous carbon materials combining an appropriate pore
size distribution with large surface areas has proven to very challenging. Such
carbon materials are required in order to achieve advancement in many clean
energy technologies, such as fuel cells (i.e., hydrogen storage and
electrocatalysts),” ? carbon capture,® * and electrochemical energy storage in
supercapacitors or batteries. >® Furthermore, in order to assess a material
development as being sustainable, the synthesis and fabrication methods
should rely on efficient, safe and environmentally sound preparation schemes.
Consequently, intensive research efforts are currently being directed towards
the development of novel synthesis procedures for the production of porous
carbon materials. We and others have shown, for example, that by the simple
heat-treatment of appropriate organic salts, highly porous carbon materials can

9-14

be obtained. ENREF 1 However, the porosity of such materials is either

14-16 12, 13

usually limited to being within the micropore range or is low, which
hampers their utilization in some specific applications. Thus, for the storage of
energy-related gases, i.e., H, and COy, at high pressure, which is essential for
attainment of the anticipated Hydrogen Economy, whilst some studies show that
narrow micropores are the most effective pores, larger micropores and small
mesopores also contribute to the adsorption process, with the storage capacity
showing a positive correlation with the surface area.' '® Chemical activation of
carbon precursors with KOH has increasingly attracted interest as a simple and

efficient method for fabricating porous carbons with very high specific surface

area (> 2000m? g™). *#' However, the porosity of KOH activated carbons is
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normally within the micropore range with the proportion of mesoporosity being
very low.” 2% 2 Only a limited number of precursors are able to give rise to
activated materials with a high proportion of small mesopores in addition to
micropores via KOH activation, such as zeolite-templated carbons,®*
polypyrrole,’® graphene® or ionic liquid-derived carbon.?® From a sustainable
and availability standpoint biomass is a more desirable precursor. However, due
to the heterogeneity and low carbon yield of biomass precursors, there have
been recent moves toward the use of so-called hydrochar, i.e., hydrothermally
carbonized biomass, as a more appropriate precursor.’?’ The above
considerations with respect to sustainable synthesis of micro-mesoporous
activated carbon have motivated us to explore activation procedures capable of
generating highly porous carbons with a bimodal porosity in the micro-
mesopore range from hydrochar. Accordingly, herein we present a melamine-
mediated KOH chemical activation procedure for the synthesis of hydrochar-
derived high surface area carbons with bimodal porosity that combines narrow
micropores (ca. 1 nm) and small mesopores (2-5 nm). Analysis of their ability to
store H, (-196 °C) and CO, (25 °C) at high pressure (= 20 bar) gave values (ca.
7 wt % Hy and 19-21 mmol CO, g™ at 20 bar, and up to 31 mmol CO, g™ at 40
bar) which are among the highest ever reported for porous materials as a result

of their optimum pore characteristics.

Experimental section

Synthesis of porous carbon materials



Hydrochar products were prepared by the hydrothermal carbonization of potato
starch (Aldrich), cellulose (Aldrich) and eucalyptus sawdust (Local sawmill).
Briefly, an aqueous solution/dispersion of the raw material (concentration: 320
g- L") was placed in a stainless steel autoclave, heated up to 250 °C and kept
at this temperature for 2 h. The resulting carbonaceous solid, denoted as
hydrochar, was recovered by filtration, washed with distilled water and dried at

120 °C over a period of several hours.

The hydrochar materials were chemically activated using potassium
hydroxide (Sigma-Aldrich) in the presence of melamine (Aldrich). Briefly, a
hydrochar sample was thoroughly ground with KOH (KOH/Hydrochar weight
ratio of 4) and melamine (Melamine/Hydrochar weight ratio of 2 or 3).
Subsequently, the mixture was heat-treated up to 800 °C (heating rate: 3
°C-min™") under a nitrogen gas flow and held at this temperature for 1 h. The
samples were then thoroughly washed several times with 10 wt% HCI to
remove any inorganic salts, washed with distilled water until a neutral pH was
obtained and finally dried in an oven at 120 °C for 3 h. The activated carbons
thus synthesized were denoted as AX-yM, where X refers to the raw material
(A: starch, C: cellulose and S: sawdust) and y = 2 or 3 (i.e. Melamine/Hydrochar
weight ratio). Porous carbons were also produced in the absence of melamine
by simple activation of the hydrochar materials with KOH (KOH/Hydrochar
weight ratio = 4) at a temperature of 800 °C. These samples were denoted as

AX-0.
Characterization

The nitrogen sorption isotherms of the carbon samples were measured at —196
°C using a Micromeritics ASAP 2020 sorptometer. The apparent surface area
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(Sger) was calculated from the N, isotherms using the Brunauer-Emmett-Teller
(BET) method. An appropriate relative pressure range was selected to ensure
that a positive line intersect of multipoint BET fitting (C > 0) would be obtained
and Vags(1 — p/po) would increase with p/p, 2% #° The total pore volume (V,) was
determined from the amount of nitrogen adsorbed at a relative pressure (p/po)
of 0.95. The micropore volume (V) was obtained by applying the Dubinin-
Radushkevich equation.*® The micropore size distributions were determined by
means of the quenched-solid density functional theory (QSDFT) method applied
to the nitrogen adsorption data and assuming a slit pore model. Scanning
electron microscopy (SEM) images were obtained on a Quanta FEG650 (FEI)
instrument. X-ray photoelectron spectroscopy (XPS) was carried out on a Specs
spectrometer, using Mg K a (1253.6 eV) radiation from a double anode at 50 w.
Binding energies for the high resolution spectra were calibrated by setting C 1s
to 284.6 eV. Elemental analysis (C, N and O) of the samples was carried out on

a LECO CHN-932 microanalyzer.
Gas uptake measurements

Hydrogen (high purity, 99.9999%) uptake measurements were performed over
the pressure range of 0-20 bar with an Intelligent Gravimetric Analyzer (IGA-003
Hiden). Before analysis, the samples were outgassed under vacuum at 200 °C
overnight. Then the hydrogen uptake isotherms were measured at -196 °C
(under a liquid nitrogen bath). The hydrogen uptake was corrected for buoyancy
effect as previously described.®' CO, uptake isotherms at 25 °C were obtained
over the pressure range of 0-40 bar with a XEMIS Intelligent Gravimetric

Analyzer. The samples were outgassed at 200 °C overnight before analysis.



Heats of adsorption were measured in a calorimeter Setaram C80 connected to

an adsorption equipment Quantachrome’s Autosorb AS-1.

Results and discussion

Scheme 1 illustrates the synthesis methodology followed for the production of
highly micro-mesoporous carbon materials from biomass-derived hydrochars,
using both simple (cellulose and starch) and more complex (sawdust) biomass
products. This procedure is based on a melamine-mediated chemical activation
process, using KOH as chemical activating agent wherein melamine plays a
dual role as: a) structure-directing agent thus extending the pore size
distribution into the mesopore region and b) N-dopant. Indeed, as exemplified in
Figures 1a and1b for starch- and sawdust-derived hydrochars respectively, the
shape of the isotherm is transformed from type |, typical of microporous
materials (sample AA-0 and AS-0) to one exhibiting both type | and IV
characteristics attributable to materials combining both micropores and small
mesopores, when melamine is incorporated into the activation mixture (samples
AA-2M, AA-3M, AS-2M and AS-3M). This is further corroborated by the pore
size distributions (PSDs) in Figures 1c and 1d. Thus, although both sets of
samples exhibit a bimodal PSD, the pore size range of samples AA-0 and AS-0
is exclusively centered in the micropore region with narrow micropores at 0.85
nm and supermicropores at ~ 1.5 nm, whereas for samples AA-2M, AA-3M, AS-
2M and AS-3M the pore size range extends into the mesopore range (up to ~4-
5 nm), with a maximum at ~ 2.2 nm, in addition to the narrow micropores at 0.85

nm. Similar trends in pore size are obtained for cellulose-derived carbons



(Figure S1), or for simple monosaccharides such as glucose as we have
recently shown,* which suggests the general validity of this methodology for
hydrochar. As can be seen in the high-resolution transmission electron
microscopy (HRTEM) images in Figure S2, the pores of these carbons are
randomly distributed as is typical for such highly activated carbons, and are of
varying pore size within the micropore and low mesopore range in agreement
with the N, sorption PSDs. Furthermore, large magnifications of the HRTEM
images evidence that AS-2M possesses larger mesopores than AS-0, also in
accordance with the PSDs. The textural properties of the activated carbons
from a variety of hydrochar mixes are summarized in Table 1. As can be seen,
the activated carbons produced through the melamine-mediated chemical
activation process exhibit ultra-high BET surface areas, in the ~3000-3500 m? g°
! range and pore volumes of 2.2-2.4 cm® g™, values that are double those (i.e.
~1.0-1.46 cm® g ™) of the analogous materials produced through conventional
chemical activation.® Importantly, the porosity of the present micro-mesoporous
materials is almost equally distributed between micropores and mesopores
(Vmicro/Vmeso  ratio ~ 0.8-1.4), whereas the materials produced through
conventional chemical activation are essentially microporous with the mesopore
volume representing less than 25% of the total pore volume (Table 1).
Interestingly, increase of the melamine/hydrochar ratio from 2 (AA-2M) to 3 (AA-
3M) has no significant effect on the PSD, as shown in Figures 1b and 1d.
However, it does lead to a substantial increase in the N content of the samples.
Thus, materials synthesized using a melamine/hydrochar ratio of 2 possess a
nitrogen content of 1.3-1.7 wt%, whereas those synthesized with a

melamine/hydrochar ratio of 3 exhibit a nitrogen content higher than 3 wt%



(Table S1). Elemental energy-dispersive X-ray (EDX) mapping images of the
materials prove that the nitrogen heteroatoms are uniformly distributed within
the N-doped particles (Figure S3). On the other hand, X-ray photoelectron
spectroscopy (XPS) shows that the nitrogen heteroatoms exist in a variety of
moieties: i) pyridinic-N at 398.2-398.3 eV, ii) pyrrolic-/pyridonic-N at 400.1-400.2
eV and iii) pyridine N-oxide 402.2-402.3 eV (Figure S4). As we have previously
described in detail, N-doping by melamine takes place through the
decomposition of the carbon nitride (g-C3N4) formed from the polymerization of
melamine at T > 550 °C. * Taking into account that a decrease in activated
carbon yield is registered when melamine is added to the KOH/hydrochar
mixture (e.g. from 23% for AS-0 to 18% for AS-2M), we believe that the gases
generated in the decomposition of melamine gasify part of the carbon causing
enlargement of pore size in parallel with the incorporation of nitrogen atoms into

the carbon framework.

Given the textural properties of these materials, i.e., large surface area
and pore volume arising from micropores and small mesopores, we assessed
their high pressure H;, storage and CO, adsorption capability. AA-3M, AC-2M
and AS-2M were selected for this study. Accordingly, Figure 2 shows the total
H, uptake isotherms at -196 °C over the pressure range of 0-20 bar and Figure
3 the total CO, uptake isotherms at 25 °C over the pressure range of 0-40 bar,
while Table 2 summarizes the H, and CO, uptake capacities at 20 bar and CO,
uptake at 40 bar. As can be seen in Figure 2 and Table 2, all the micro-
mesoporous materials exhibit large H, uptakes, both for excess (= 5 wt%
equivalent to = 25 mmol g') and total (> 6 wt% equivalent to 30 mmol g™)

storage capacity. Furthermore, no saturation is observed at 20 bar for the total
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H, isotherms, implying that greater hydrogen storage could be achieved at
higher pressure. Indeed, the maximum total hydrogen uptake estimated via
fitting of the up to 20 bar data using the Langmuir model** % _ENREF 9 is in the
7.9-8.2 wt% (equivalent to 39.5-41 mmol g') range. The total H, uptake at 20
bar of the materials here developed, i.e., 6.4-6.8 wt% (equivalent to 32-34 mmol
g"), is comparable to the best performing carbons reported in the literature
(Table S2). On the other hand, when compared to the microporous carbons AA-
0 and AC-0 (see Table 2 and Figure 2), a ca. 30-40% enhancement in the
amount of hydrogen stored is recorded (the enhancement being greater for the
estimated maximum hydrogen uptake), thus confirming that small mesopores
can positively contribute to hydrogen adsorption at high pressure. In this regard,
as shown in Figures S5a-b, good correlations (with a y-axis intersection of
approximately zero) are obtained between the hydrogen uptake at 20 bar and
the volume of pores < 3 nm (determined through the QSDFT method), and the
estimated maximum hydrogen uptake and the total pore volume. In addition, the
hydrogen uptake of the present micro-mesoporous carbons is in line with the
Chahine rule, which stipulates an uptake of 10 umol H, m™ (Figure S5c). These
findings are very similar to those we have previously obtained with N-doped
micro-mesoporous carbons synthesized by chemical activation of polypyrrole
(Figure S5c),” which is not surprising given the similarity in their textural
characteristics. However, the present carbon materials have the environmental

and economic advantages of being synthesized from biomass.

The CO, capture capacity of the micro-mesoporous carbon materials
was assessed at high pressure and ambient temperature, i.e., under conditions

relevant to pre-combustion CO, capture using pressure swing adsorption (PSA)
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systems. As can be seen in Figure 3 and Table 2, the micro-mesoporous
carbons exhibit large CO, uptakes at 20 bar, in the 20-21 mmol CO. g’ range
(~ 88-93 wt% COy). These values are amongst the highest ever reported for
porous carbon materials or metal-organic frameworks as can be deduced from
the data in Table 3. On the other hand, the uptake values are very similar to
those for the microporous materials, i.e. ~19.5 mmol CO, g (Table 2). This
result suggests that 20 bar is not high enough pressure to fill the small
mesopores. Indeed, as revealed by Figure 3, and summarized in Table 2,
increase of the pressure up to 40 bar yields large uptake capacities of 30-31
mmol CO; g in the case of the micro-mesoporous carbons, in contrast to ca.
23.5 mmol CO, g for the microporous carbons (i.e. a 30 % enhancement in
uptake capacity at 40 bar vs. < 10 % enhancement at 20 bar). More generally,
the high pressure (> 20 bar) CO, uptake of the present micro-mesoporous
materials surpasses that of benchmark porous carbons that are mainly
microporous as shown in Table 3. In this regard, Figure 3 clearly shows the
influence of porosity (i.e. micro- or mesoporosity) on CO, uptake. Thus, for
pressures lower than ~ 13 bar, the materials with a microporous nature and
abundant narrow microporosity (Figures 1c¢, 1d and S1b) adsorb the most owing

to the enhanced adsorption potential in such pores,>®

whereas for higher
pressures the micro-mesoporous materials surpass the microporous ones.
More importantly, as mesopores are being progressively filled with the rise of
pressure and micropores saturate, the difference in uptake capacity between
the micro-mesoporous and the microporous carbons steadily increases (see

arrows in Figure 3). This is a clear advantage for PSA systems. In this regard,

simulation of the CO; isotherm at 25 °C up to 100 bar using a Langmuir model
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(see Figure S6) evidences that much larger uptakes could still be achieved for
the micro-mesoporous carbons by increasing further the pressure, contrarily to

the microporous carbons.

Even though the uptake capacity can be used as preliminary parameter
to screen out CO, sorbents, a more relevant parameter when using a PSA
system for CO, capture is the working capacity which takes into account the
adsorption and desorption (regeneration) pressures. Considering 20 bar and
atmospheric pressure respectively as the adsorption and desorption pressures,
the working capacity of the micro-mesoporous sorbents is ~ 18 mmol CO, g,
increasing to ~ 28 mmol CO, g'1 for an adsorption pressure of 40 bar and
desorption at 1 bar (Table 2). Both values of working capacity are superior to
those of many benchmark porous carbons and MOFs (Table 3). Importantly, the
working capacity of the micro-mesoporous carbons is much higher than that of
the microporous materials. In fact, the difference in working capacity between
the two sets of samples (being ca. 40 % higher for the micro-mesoporous
samples) is larger than the 30 % enhancement in uptake capacity (at 40 bar).
This is due to the fact that the adsorption capacity at 1 bar of the microporous
carbons is greater, as shown in Table 2 (and Figure S7a), which means that
they retain higher amounts of CO, at the desorption pressure of 1 bar. This
result correlates well with the abundant narrow microporosity in the microporous
carbons, which enhances CO, adsorption at low pressures.®® 3" This is further
corroborated by comparison of the heat of adsorption of AC-0 (~19-21 kJ mol™)
and AC-2M (~16-19 kJ mol™") (see Figure S7b). Therefore, the presence of
abundant mesoporosity in a sorbent is not only important for achieving high

adsorption capacity at high pressures, but for ensuring low amounts of CO,
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remaining in the sorbent after the regeneration process. Overall, these results
show that it is very important to tune the pore structure of the adsorbent
depending on the targeted application, i.e. low (post-combustion) or high
pressure (pre-combustion) adsorption. In these regard, hydrochar is a very
versatile precursor, as materials with a large volume of narrow micropores can
be generated through conventional KOH chemical activation by controlling the
KOH/hydrochar ratio and activation temperature,® whereas materials
containing narrow micropores and small mesopores can be synthesized by a

melamine-mediated KOH chemical activation process.

Conclusions

In summary, hydrochar-based high surface area carbons with bimodal
porosity in the micro-mesopore range have been prepared via a melamine-
mediated KOH chemical activation process by using both simple (starch,
cellulose) and complex (sawdust) biomass. The micro-mesoporous materials
show enhanced ability to store both H, and CO, at high pressure (= 20 bar)
owing to the right combination of narrow micropores and small mesopores.
Importantly, at 20 bar the sorbents are far from saturation, which indicates that
much larger uptakes can be achieved at higher pressure. Moreover, the
abundant mesoporosity ensures the retention of low amounts of adsorbed gas
at regeneration pressures typically used in PSA systems, which translates to
enhanced working capacities. The uptake capacities recorded at 20 bar, ca. 7
wt % H, (-196 °C) and 19-21 mmol CO, g™ (25 °C), and up to 31 mmol CO, g™
at 40 bar (and 25 °C) are amongst the highest ever reported for porous
materials.
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Table 1. Textural properties of porous carbons generated via conventional KOH
chemical activation or melamine-mediated KOH chemical activation.

Hydrochar  Sample

Textural properties

precursor code SgeT V, V micro V meso
[m*g™'] [cm® g™ ® [cm®g™"® [em® g™ ®
Starch AA-0 3000 1.41 1.09 0.32 (23)
AA-2M 3280 2.37 1.07 1.30 (55)
AA-3M 3220 2.27 1.21 1.06 (47)
Cellulose AC-0 3100 1.46 1.05 0.41 (28)
AC-2M 3540 2.22 1.28 0.94 (42)
Sawdust AS-0 2690 1.28 1.00 0.28 (22)
AS-2M 3420 2.30 1.16 1.14 (50)
AS-3M 2990 2.35 1.12 1.23 (52)

2 Pore volume at P/P, ~ 0.95. ® Micropore volume determined by the D-R method. ¢ Mesopore
volume deduced by the difference between the pore volume and the micropore volume; the
percentage of pore volume that corresponds to the mesopores is given in parenthesis.

Table 2. H, and CO, uptake at high pressure by porous carbon materials
obtained by conventional KOH chemical activation and by melamine-mediated
KOH chemical activation.

Hydrochar Sample
precursor  code

H, uptake

(Wt%)?

CO, uptake
(mmol g')°

Excess Total®

1 bar

20 bar

40 bar

Working capacity

(PSA system)"
Starch AA-O 4.5 5.1 (5.6) 2.8 19.2 23.0 16.4 (20.2)
AA-3M 50  64(7.9) | 25 204 _ 30.1 17.9 (27.6)
Cellulose  AC-0 43  49(53) | 28 193 235 16.5 (20.7)
AC2M 53  67(81) | 23 208  29.8 18.5 (27.5)
Sawdust AS-2M 53 6.8 (8.2) 2.2 20.5 30.6 18.3 (28.4)

2 H, uptake at -196 °C and 20 bar. ® The estimated maximum hydrogen uptake capacity at -196
°C derived from Langmuir simulation plots is provided in parenthesis. ° CO, uptake at 25°C.
4 Defined as the difference of equilibrium adsorption capacity at 20 bar (40 bar) and 1 bar.
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Table 3. CO, uptake at high pressure for top-performing materials reported in
the literature.

CO, uptake Working capacity
Material @ 20 bar, 25°C*® (PSA system)d Reference
(mmol g'1) (mmol g'1)
AX-yM (hydrochar-derived AC) 20-21 (30-31) 18-19 (27.5-28.4)  This work
VR5-4:1 (mesophase pitch-derived AC) 22 (31.8) 19.4 (29.2) Ref. '’
A-rNPC (asphalt-derived AC) 21.1(26)° 17.1(22) Ref. *°
HPC5b2-1100 (hierarchical porous carbons) 20.8 (27)° 17.1 (23.3) Ref. *
CPC-700 (polymer-derived N-doped carbon) 21.4 (27.3)° 17.4 (23.3) Ref. ¥
CN2800 (activated CNT superstructures) 19.5 16.7 Ref. *'
Maxsorb (comercial AC) 19 (25.5) 16.9 (23.4) Ref. ¥
PAF-1 (porous aromatic framework) 22.7 (30) 20.7 (28) Ref.
“/Tg/ll?f?r; (metal organic frameworks) 13'8';2:‘11' 2:13257'22) 1 15_;3:‘1‘ 511’554'21) Ref. *

@Values in parenthesis correspond to a pressure of 40 bar. b Uptake at 30 bar. ¢ Uptake at 35
bar. ® Defined as the difference of equilibrium adsorption capacity at 20 and 1 bar. Values in
parenthesis correspond to the difference of equilibrium adsorption capacity at 40 and 1 bar.
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Micro-mesoporous, N-doped
_ carbon materials

Hydrochar

traatment under
mild condifions

Scheme 1. lllustration of the synthesis methodology used for the production of highly

porous micro-mesoporous, N-doped carbons from biomass-derived hydrochar.

20



a
) 2000 b) 2000

1500 1500

1000 1000

Adsorbed volume (cm® STP/g)
Adsorbed volume (cm3 STP/g)

—o— AS-0
500 —A— AA- 500
Y —e—AS-2M
) —o— AS-3M
—A— AA-3M S-3
O s 1 s 1 N 1 N 1 N 0 s 1 s 1 s 1 N 1 N
0 0.2 0.4 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
Relative pressure (p/p,) Relative pressure (p/p,)
C) 20 d) 20
—A—AAD —e—AS-0
——AA-ZM [ —e— AS-2M
4+ AASM 15 —e— AS-3M
“_07 F‘C')
'€ '€
c c
§ 13
2 S
3 2
1 10 o I1 . 10
Pore size (nm) Pore size (nm)

Figure 1. a, b) N, sorption isotherms and c, d) QSDFT PSDs curves of porous carbon
materials produced in the absence and presence of melamine by using starch-and

sawdust-derived hydrochars as carbon precursor.
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Figure 2. Total high pressure H, uptake isotherms obtained at -196 °C for the

hydrochar-based porous carbons.
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Figure 3. Total high pressure CO, uptake isotherms obtained at 25 °C for the
hydrochar-based porous carbons. The downwards arrow indicates the pressure at
which the isotherms of the microporous and micro-mesoporous carbons intersect,
whereas the up down arrows show the increase of the difference between the

adsorption capacity of the microporous and micro-mesoporous carbons with the rise in

pressure.

23



24



