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Combined experimental and simulation study on
H, storage in oxygen and nitrogen co-doped
activated carbon derived from biomass waste:
superior pore size and surface chemistry
developmentt
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In this study, heteroatom (O, N)-doped activated carbon (AC) is produced using urea and KOH activation
from abundant and cost-effective biomass waste for H, storage. The O and N co-doped AC exhibits the
highest specific surface area and H, storage capacity (2.62 wt%), increasing by 47% from unmodified AC
at —196 °C and 1 bar. Surface modification helps develop superior pore sizes and volumes. However, the
original AC is superior at lower pressures (<0.3 bar) because of its suitable pore width. This observation is
then explained by molecular simulations. Optimal pore widths are 0.65 nm at <0.3 bar and 0.95-1.5 nm
at pressures in moderate range (0.3—-15 bar). Superior pore sizes are observed in the range of 0.8-1.3 nm
at 1 bar, enhancing performance with co-doped AC to achieve uptake superior to that of other ACs
described in the literature. However, above 15 bar, pore volume dominates capacity over pore width.
Among the O and N groups, pyridinic-N oxide is the most substantial, playing a vital role at low and
moderate pressures. These findings propose a strategy for superior H, storage in porous carbons under

rsc.li/rsc-advances various pressure conditions.

1. Introduction

Global energy demand is surging, with over 78% of the world
population reliant on non-renewable fossil fuels according to
data from 2023.* However, their combustion emits greenhouse
gases, contributing to climate change. To address this, inno-
vative technologies for clean and renewable energy, including
hydrogen storage, have emerged.>* Hydrogen is an eco-friendly
fuel with a high energy content (142 MJ kg ') which is about
three fold higher energy per unit mass compared to gasoline,*
and water is its byproduct. Nevertheless, efficient transport and
storage of hydrogen pose challenges. One promising approach
is cryogenic storage in porous materials known for their rapid
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kinetics, excellent cyclability, and high adsorption capacity.>®
Extensive research has focused on activated carbons (ACs),”**
metal-organic frameworks,"”® and zeolites'>' as potential
hydrogen storage materials. ACs, in particular, offer advantages
such as large surface area, customizable porosity, thermal and
chemical stability, affordability, and versatility in raw material
sources.”*** Modifying ACs with heteroatoms such as oxygen,
sulfur, nitrogen, and phosphorus has shown promising results
in enhancing surface and pore properties.>* >’

Numerous studies have investigated the influence of pore
size on hydrogen adsorption.”®** It has been noted that AC
micropores ranging from 0.60 to 0.70 nm and 0.65 to 1.5 nm
exhibited optimal hydrogen storage capabilities at —196 °C.****
The surface area played a crucial role in hydrogen adsorption,
while the nitrogen or sulfur content in modified ACs did not
significantly affect it.>>*® Adequate pore volume and a large
surface area were essential for substantial hydrogen uptake and
could compensate for the presence of larger pores (>1.0 nm).****
Furthermore, investigations into the surface chemistry of ACs
revealed that a high proportion of carbon surface micropores
and oxygen functional groups enhanced gravimetric hydrogen
storage efficiency.*”*® In a recent study, ammonia treatment of
a commercial AC improved hydrogen adsorption efficiency from
1.98 to 2.34 wt% at —196 °C and 0.93 bar.** However, a separate
study concluded that pore width had a more significant impact
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on hydrogen adsorption than surface chemistry.*® Additionally,
certain synthesized ACs demonstrated hydrogen uptake equiv-
alent to those with lower surface area and pore volume.****
These findings underline the need for a comprehensive
understanding and further research in this field.

Due to the above reasons, it is challenging to investigate the
individual characteristic properties of an adsorbent solely
through experiments. Experimental observations are influenced
by the interplay between various properties, making it chal-
lenging to control changes when synthesizing or modifying
adsorbents to enhance specific properties. Experimental results
indicate macroscopic behavior but cannot perfectly measure
molecular-scale characteristics, mainly because of the
combined effects of pore structure and surface functional group
properties. To overcome these limitations, Grand Canonical
Monte Carlo (GCMC) simulations have been employed. GCMC
simulations offer macroscopic results that can be combined
with experimental data, allowing for studying microscopic and
molecular-scale phenomena. Using GCMC, it was reported that
oxygen functional groups on graphene sheets significantly
enhance hydrogen adsorption.*> An optimum pore diameter of
0.68 nm was identified for hydrogen volumetric capacity at 25 °©
C and 25 bar.** Carbonaceous slit pore models were constructed
with CO and COH groups grafted on surfaces in different pore
sizes for H, storage at —196 °C,* in which the pore width was
found to be the major factor for H, storage, greater than the
heteroatom grafted on the solid surface. A pore width range was
varied roughly in 0.7-1.5 nm of H, adsorption on a graphitic
slit-pore at a range of —193 to 25 °C and pressure up to 200
bar,* with a pore width of 1.5 nm yielding the highest adsorp-
tion capacity. GCMC approaches have been employed to
synthesize pore topologies such as slit-shape, nanotubes, and
torusene for hydrogen storage.**** Despite numerous experi-
mental and simulated studies, the relationship between func-
tional groups, pore width, and pore volume remains unclear
across different pressure ranges. Additionally, understanding
the molecular origin and heat contributions to overall hydrogen
adsorption capacity in various carbonaceous materials is
crucial. A comprehensive understanding of all aspects ranging
from molecular origins to macroscopic behavior is essential for
the sustainable large-scale application of hydrogen storage.

In this study, ACs were derived from jujube branches, an
abundant and cost-effective agricultural waste found in Asian
countries including Thailand. The synthesis of ACs involved
physical heat treatment, KOH activation, and urea modifica-
tion. These processes aimed to enhance nitrogen functional
groups on the solid surface and improve the porous structure of
the materials. The impact of activation temperature and dura-
tion and the characterization of physical and chemical proper-
ties were examined. Subsequently, the ACs were utilized for
adsorbing hydrogen at the temperature range of —196 °C to 25 °
C and pressure of up to 1 bar. Although pore width, volume, and
surface chemistry have notable effects on adsorption, it is
challenging to study them individually through experiments. To
address this, a GCMC simulation was employed to systemati-
cally explore and gain insights into the molecular-level behavior
of hydrogen adsorption.
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2. Methods

2.1 Experimental

2.1.1 Synthesis of O- and N-doped ACs. Jujube (Ziziphus
mauritiana Lam.) branches were cut and sieved into a particle
size of 16 x 30 mesh and dried at 105 °C. Then, these were put
into a horizontal ceramic tube furnace under an atmosphere of
nitrogen with a flow rate of 100 ml min~" and a gradual increase
in temperature with a heating rate of 5 °C min~' from room
temperature to 600 °C which was held for 1 h. The sample was
designated as biochar, as shown in Fig. 1.

For the activation stage, the biochar from the first step
(carbonization) was placed in a horizontal ceramic tube
furnace. The environment within the furnace was altered from
an inert nitrogen atmosphere to a reactive carbon dioxide
atmosphere to activate the biochar. Carbon dioxide was selected
for its high oxidative capacity, which can enhance the yield of
the process by preventing complete combustion of the carbon
material. The biochar was heated from room temperature at
a controlled rate of 5 °C min~" to the target temperatures of
800 °C or 900 °C and maintained at these temperatures for 1
hour. Following the completion of the heating cycle, the furnace
was allowed to cool to room temperature under a nitrogen flow
to preserve the activated carbon (AC) structure. The resulting AC
was then collected and designated as ACx, where ‘x’ indicates
the specific activation temperature utilized.

For pore and surface modification, a mixture of the biochar
and urea (with a weight ratio of 1 : 1) was then oxidized with air
at a flow rate of 100 ml min~' and heated at 350 °C with
a heating rate of 5 °C min~" for 1 h. This was done to
impregnate nitrogen functional groups grafted on the solid
surface. Then, KOH solution was added to the sample with
a weight ratio of 1 g sample per 2 g KOH. Afterward, this
mixture was combined at room temperature using a magnetic
stirrer for 24 h and then dried overnight in an oven at 120 °C.
After that, the mixed sample was placed in a horizontal
ceramic tube furnace under carbon dioxide at a flow rate of 100
ml min~", with a gradual increase in temperature from room
temperature to the desired temperature range (800-900 °C) at
a heating rate of 5 °C min ", and then held for the desired time
(1 to 2 h). The sample was washed with hot water until the pH
of the filtrate was neutral, and then it was dried at 105 °C for
24 h. The O and N co-doped AC was designated as N-ACx-y,
where x and y refer to activation temperature and time,
respectively.

Carbonization Biochar Impregnation with urea

(Nz 600°C, 1 hr) * (alr 350°C, 1 hr) -

Activation Activation with KOH
X (co2 800-900°C, 1 hr), (CO,, 800—900°C, 12 hr)

Activated carbon (ACx) N-doped AC (N-ACx-y)

Jujube branches

Ll

Fig. 1 Synthesis of the original and modified ACs.
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2.1.2 Characterization. The textural properties of the
samples were analyzed using the nitrogen adsorption-desorp-
tion isotherm at —196 °C using the BET Micromeritics (3 Flex).
The sample was degassed for 6 h under vacuum at 300 °C before
starting the measurement. The specific surface area (Sggr) and
pore size distribution were obtained from the multipoint Bru-
nauer-Emmett-Teller (BET) equation and the non-local density
functional theory (slit-pore model), respectively. The total pore
volume (V,) was calculated by converting the amount of N,
adsorbed at a relative pressure of 0.95. The morphology and
structure of samples were examined using scanning electron
microscopy (SEM, JSM-6010LV) observations.

The surface chemistry was analyzed using Fourier-transform
infrared spectroscopy (FTIR, Tensor 27) in the wave range of
4000-400 cm~ ' and X-ray photoelectron spectroscopy (XPS,
Kratos Axis Ultra). In addition, the percentage of composition in
the samples was characterized using the CHN elemental
analyzer (LECO 628). Assuming that the amounts of other
elements are negligible, the oxygen content is determined by
the mass difference.

2.1.3 H, adsorption measurements. The H, storage
capacities were measured using the Micromeritics ASAP2020
plus instrument. ACs were evacuated to an ultrahigh vacuum at
300 °C for 12 h before starting the measurement. H, sorption
measurements were performed at different temperatures
between —196 and 25 °C over a pressure range of up to 1 bar.

The isosteric heat of H, adsorption was calculated from
isotherms at different temperatures between —196 and 25 °C
using the following Clausius-Clapeyron equation:

A(ln P)

EEC) '

where Qy is the isosteric heat of adsorption at a specific loading
(n), Tis the temperature, P is the pressure, and R is the ideal gas
constant.

2.2  GCMC simulation

The isotherm and heat obtained from experimental works
always originate from molecular origin derived from charac-
teristic properties of adsorbents which are complex and could
not be investigated separately on H, adsorption behavior.
Therefore, to overcome these limitations, GCMC simulations
have been employed. To ensure and gain the accuracy of
physical behavior each factor with a simple model was tuned
independently from each other. The GCMC approach was
carried out to study the effect of pore width, pore volume,
surface functional group type, and concentration systemati-
cally. GCMC simulation details can be found in ref. 46 and 47.
Fig. 2 presents two solid surface models used to explore surface
chemistry. The adsorbent was modeled as an atomistic and
graphitic slit pore with four graphene layers on each side of the
solid walls. The simulation box's dimensions in the x, y, and z
directions were 5.904 nm, 4.260 nm, and L., respectively, where
L, is the physical pore width. The functional group was grafted

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Graphene layers (Gr)

Functionalized graphene

e Physical
zZ y . o pore width
~ X \'0.3354 nm
Graphene layers (Gr) I 0.3354 nm

( O/N-doped

O-doped

= C atoms in Gr © =Catoms in Fn =H atoms
© =0 atoms =N atoms
Fig. 2 (a) Side view (xz plane) of an atomistic solid model and (b) top

view (xy plane) of the solid model representing functionalized gra-
phene in different cases (O/N-doped AC and O-doped AC).

at the edge of a graphene sheet placed with its plate parallel to
solid walls. In model 1, functionalized graphene with co-doped
oxygen and nitrogen consisted of carbonyl (CO), hydroxyl
(COH), carboxyl (COOH), pyrrolic (N5), pyridinic-N oxide (Ox-
N6), and quaternary-N (NQ) groups. For model 2, graphene
was functionalized with three oxygen groups (CO, COH, and
COOH). The six functional groups in the model were selected
because they are typically found in high intensity in ACs.
Molecular parameters, including Lennard-Jones (LJ) 12-6 sites
and partial charges of functional groups are summarized in
Table S1 (ESI),f which have been collected from the
literature.**~*

The interaction between H, molecules and the graphite basal
plane was calculated using the L] 12-6 potential equation. The
molecular parameters for the carbon atom in a graphene layer
are obtained from Steele;** the intermolecular collision diam-
eter (0{¥) is 0.34 nm and the depth of the potential well per
Boltzmann constant (¢{/kg) is 28 K. The distance between two
graphene layers is 0.3354 nm.

To describe the interaction between hydrogen molecules, the
LJ 12-6 potential and the coulombic electrostatic equation were
used in the calculation. The force field of the H, molecule was
taken from the literature.>® H, molecule was modeled as a single
LJ 12-6 site at the center of the mass, with fixed charges at each
H atom and center of mass along the H-H bond length of
0.0741 nm to mimic the quadrupole moment of H,. The
molecular parameters are summarized in Table S1.}

The gravimetric H, adsorption capacity (pgra) was calculated
as the adsorbed amount divided by the sum of the masses of all
atoms in the solid model (m):

Pgra = <N>/ms (2)

RSC Adv, 2023, 13, 36009-36022 | 36011
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where (N) is the average number of particles (H, molecules) in
the pore.

The total isosteric heat (g;so) is contributed from fluid-fluid
(FF), fluid-functional group (FFn), and fluid-graphite basal
plane (FGr) interactions together with kinetic energy (kg7) as
shown in eqn (3):

diso = qFF * qren T qrGr + kgT 3)

The isosteric heat from eqn (3) can be calculated from the
fluctuation theory using the following equation:**
(Ua-g)(N) = (Us-gN)

BTN W) @

where U, g is the configuration energy of the system between
entities A and B.

In this study, the alteration of density from the surface and
the local density distribution of the center of each H, site along
the z-axis are calculated using eqn (5):

p(z) = (BNzis:) 5)

L.L Az
where L, and L, are the lengths of the slit-pore in the x and y
directions, respectively, and (AN,..) is the average number of
H, site centers located in the confined areas z and z + Az. During
the sampling step in GCMC, the results of every 1000 configu-
rations were collected to calculate the average values.

3. Results and discussion

3.1 Characterization

The N, adsorption/desorption isotherms conducted at —196 °C
for the synthesized samples exhibited type I behavior, as clas-
sified by the IUPAC classification (Fig. 3a). The significant rise
in the isotherm at relatively low pressures (<0.1) indicates not
only characteristic micropore filling but also monolayer
adsorption occurring in all pore sizes, including mesopores.>>>®
The N, adsorbed amount in this pressure region was slightly
higher for N-AC900 samples compared to AC900. The greater
increase observed in N-AC900 samples can be attributed to the
uptake of micropore filling and the monolayer on the mesopore
surface, which is more abundant in N-AC900 samples. As shown
in Fig. 3b, the ultra-micropore sizes (<0.7 nm) were slightly
reduced, while the supermicropore sizes (0.7-2.0 nm) and
mesopores were developed and increased significantly. SEM
images of all samples are presented in Fig. 4: the two hour
modification shows a particularly clean surface with minimal
pore blockage compared to the other ACs.

Table 1 presents the textural characteristics determined by
N, isotherms at —196 °C and the chemical characteristics ob-
tained through elemental analysis for all ACs. The nitrogen
content in the pristine ACs ranged 1.33-1.42% approximately by
weight, depending on the precursor material. However, in
modified ACs, the nitrogen groups were significantly enhanced,
reaching 2.79-6.16% by weight. Additionally, the specific
surface area and pore volume were developed and increased up
to 1118 m> g " and 0.577 cm® g~ ' respectively. Notably, the
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Fig. 3 (a) N, adsorption/desorption isotherms at —196 °C and (b) pore
size distributions.

modified ACs retained oxygen content alongside the increased
nitrogen content. The N/O ratio of the modified ACs increased
approximately 2-5 times compared to the original ACs.

The incorporation of KOH with CO, during the activation
process is a strategic step intended to enhance the development
of a micro-mesoporous structure within the activated carbon
matrix. KOH and CO, act as a chemical activator, facilitating the
widening of existing pores and the creation of new ones through
a series of complex reactions that include dehydrogenation,
aromatization, and cross-linking of carbon atoms. During
nitrogen doping, where a potential concern is the blockage of
pores and reduction in surface area due to the incorporation of
nitrogenous groups, the use of KOH and CO, can be particularly
beneficial. It not only compensates for any potential loss of
porosity but may also facilitate the doping process by creating
more active sites for the nitrogen groups to attach. Thus, it can
be concluded that the urea modification and KOH activation led
to improvements in the microporous and mesoporous proper-
ties and nitrogen content in the N-doped ACs, as indicated by
the increased Spgr and V; with respect to the activation
temperature and time.

To characterize the chemical properties of ACs, several
measurements were used to support each other. Fig. 5 shows

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of AC samples: (a) N-AC900-2, (b) N-AC900-1, (c) N-AC800-1, (d) AC900, and (e) AC800.

the FTIR results of ACs containing the functional groups. The
bands at 3456, 2920, 1720, 1630, 1512, 1068, 879, and
472 cm ™! can be identified as N-H/O-H, C-H, C=0, C=C, N-
H, C-O, C-N, and C-C stretching respectively.*”"** Addition-
ally, O and N co-doped ACs displayed significant peaks of N-
H, C-0, and C-N stretching, demonstrating the efficiency of

urea and KOH activation in enhancing the functional groups
in AC.

Furthermore, the bonding configurations of N atoms were
analyzed in detail through high-resolution N 1s XPS spectra
(Fig. 6). The N 1s spectra were deconvolved and assigned to
specific N-containing groups, namely pyridinic-N or N6 (398.1

Table 1 Textural and chemical characteristics and H, adsorption capacity at 1 bar of ACs

% components

H, uptake (wt%)

ACs Sper (M> g™ 1) Ve (em® g™h C H N o} —196 °C 25 °C Year/ref.
N-AC900-2 1118 0.577 83.30 0.02 2.79 13.88 2.62 0.09 The present work
N-AC900-1 918 0.456 83.40 0.01 5.34 11.25 2.59 0.10

N-AC800-1 713 0.385 81.93 0.39 6.16 11.51 2.22 0.11

AC900 812 0.409 83.81 0.66 1.42 14.10 2.28 0.12

AC800 408 0.228 88.36 0.63 1.33 9.68 1.78 0.11

NAC-800-3-1 2477.3 1.93 90.63 0.40 2.082 6.89 2.29 2023 (ref. 11)
LP_4 497.3 0.208 0.93 2023 (ref. 12)
Commercial AC 1678 0.73 90.8 0.6 8.6 1.98 2023 (ref. 39)
AC-He400-N500 1554 0.67 91.2 1.1 7.7 2.34

NPC-1 2084.5 1.060 13.10 2.09 2021 (ref. 40)
NPC-2 3037.8 1.810 8.5 2.49

NPC-3 3354.3 2.143 5.1 2.83

NPC-4 3369.6 2.049 4.09 2.86

AC500 809 0.34 1.45 2020 (ref. 13)
AC600 1251 0.53 1.89

NAC 3263 1.75 1.64 2.91 2019 (ref. 61)
NAC3 3485 1.67 2.20 3.1 2017 (ref. 62)
PC-2-800 2919 1.425 0.98 2.71 2016 (ref. 63)
OB-CO, 1185 0.52 90.2 0.48 0.48 6.25 1.69 2016 (ref. 64)
AC3 687.3 0.3624 1.97 2016 (ref. 65)
C2-1/4-700 2370 1.08 92.2 0.6 7.1 2.50 2011 (ref. 41)
C4-1/2-700 1283 0.68 85.8 1.7 11.9 2.30

Carbon C 1040 0.48 1.8 2004 (ref. 66)
M1 890 0.65 1.2

Norit R0,8 1320 0.65 1.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectra of N 1s orbitals for all AC samples. (a) N-AC900-2,
(b) N-AC900-1, (c) N-AC800-1, (d) AC900, and (e) AC800.

eV), pyrrolic-N or N5 (400.5 €V), quaternary-N or NQ (401.3 eV),
and N-oxides or Ox-N6 (402-404 eV). It is evident that while all
the AC samples derived from jujube branches exhibit similar N-
containing species because of the inherent nature of the
precursor, the relative abundance of these species within the
samples varies significantly with activation temperature and
time. N5 emerges as the dominant species across all samples,
followed by N6, NQ, and Ox-N6. To provide a clearer visual
representation, the ratios of each functional group in each
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sample are presented in a bar chart (Fig. 7). Among these
groups, NQ is the most stable, involving N atoms embedded in
the graphene sheet with chemical bonds to the three neigh-
boring carbon (C) atoms, which also makes it the most chal-
lenging group to form during synthesis, hence exhibiting the
lowest content on the surface. N6 is the secondary group, while
N5 and Ox-N6 are the tertiary groups. They are more likely to
form at the edges or defects of the graphene sheet during
surface modification. The presence of Ox-N6 was enhanced with
a longer activation time or a higher temperature.

3.2 H, adsorption

To describe the isotherms, we divided the adsorption process
into three regions based on the relative pressure (P/P,), as
illustrated in the schematic diagram presented in Fig. 8.

3.2.1 Region I: adsorption at low pressures. The adsorbed
amount in this region is dependent on the affinity of adsorbed
phase where the strongest active site is for the adsorbate
molecules to be adsorbed at low pressures or in the Henry law
region. The affinity of an adsorbent is dependent on its physical
and chemical properties including pore size, pore shape, and
surface functional group properties, except for pore volume.

3.2.2 Region II: adsorption at moderate pressures. Once
the strong active site was filled or covered by adsorbate mole-
cules in region I, the rest of the adsorption phases in pores are
then accommodated by the adsorbate in region II. The adsorbed
amount in this region is influenced by the pore size or surface
chemistry.

3.2.3 Region III: adsorption at high pressures. This region
shows the packing of adsorbed molecules when the pore is full.
The pore volume is the main factor in the packing amount. The
secondary factor could be pore shape.

The H, adsorption isotherms at —196 and 25 °C are pre-
sented in Fig. 9, while the corresponding H, capacities at 1 bar
are summarized in Table 1 and Fig. 10, allowing for comparison
with values reported in the literature. The H, capacity obtained

70
s NG mmmm NQ

a 60 - mmmm N5 mmmm Ox-N6
=}
© 50
(@]
240—
.0
o 30 A
5
. 20 A
X
°7 10 {

0_

Samples

Fig. 7 Comparison of nitrogen functional group species on AC
samples obtained from XPS.
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o

in this study at —196 °C and 1 bar fell within the range of 1.78-
2.62 wt%, which demonstrated promising potential as an
alternative adsorbent. Interestingly, our modified ACs exhibited
a specific surface area and pore volume approximately three
times lower than other works; yet, their H, capacities remained
comparable. Furthermore, our modified ACs demonstrated
higher H, adsorption capacities compared to other ACs with
similar surface areas or pore volumes. This can be attributed to
the development of superior pore sizes in our modified ACs,
which play a crucial role in achieving high capacity at this
pressure range.

Analyzing the results at —196 °C depicted in Fig. 9a, it was
observed that the gravimetric capacity of the original ACs
(AC900) surpassed that of the modified ACs (N-AC900-2) at low
pressures (<0.25 bar) during the adsorption process, specifically
in region I. This happened despite AC900 having a lower pore
volume and surface area. The reason behind this discrepancy
lies in the strength of the strongest active site in AC900, which is
stronger than that in the modified N-AC900-2. The dominant
active site in AC900 is probably because of its pore size rather
than its surface functional group. Notably, the main groups on
the surface of AC900 are oxygen-containing, which are weaker
compared to the abundant N groups found in N-AC900-2. The
isosteric heat of AC900 correlates with the enhanced H, capacity
in this region.

Moving beyond the low loadings in region I, the modified
ACs, particularly N-AC900-1 and N-AC900-2, exhibited enhanced
H, capacities compared to the other samples at higher pres-
sures. In region II, the wider pore width played a key role in the
gravimetric capacity. The adsorbed amount in N-AC900-2 sur-
passed that of AC900 because of the slightly greater develop-
ment of superior pore sizes in N-AC900-2. This observation was
a result of the interplay between pore size, pore volume, and
surface chemistry, which can be further elucidated through
a GCMC approach. It is important to note that none of the
samples reached the adsorption capacity in region III, as the
pressure was not sufficiently high to fully occupy the pores with
adsorbate molecules.

Considering the interrelated loadings up to 0.12 wt% for
isosteric heat calculations, which correspond to adsorption in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 H, adsorption isotherms at (a) —196 and (b) 25 °C up to 1 bar,
and (c) isosteric heat.

region I at both temperatures (—196, 25 °C), the isosteric heat
represented only adsorption in region I, as depicted in Fig. 9c.
Notably, N-AC900-1 and N-AC900-2 exhibited an additional
advantage in terms of the released heat of adsorption, as their
released heats were relatively lower compared to the other
samples. This can be attributed to their larger pore sizes
compared to the original ACs. The higher heat observed in
AC900 was a result of interactions between the adsorbate and
solid walls, including the opposite wall within smaller pore
sizes.

At a temperature of 25 °C, adsorption up to 1 bar still
occurred within region I (Fig. 9b), because of the higher value of
saturated pressure (P,) at elevated temperature. Consequently,
the adsorbed amounts in each adsorbent followed the same
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order as in region I at —196 °C, with the capacity of the original
ACs exceeding that of the modified ACs. From an application
standpoint, an advantageous aspect is the ability to release H,
from the pores by increasing the temperature. Notably, the O
and N co-doped ACs exhibited superior H, storage capacities at
—196 °C and, furthermore, facilitated a greater working capacity
(useable capacity) of H, from the pores at 25 °C and 1 bar,
surpassing the performance of the original ACs.

Regarding surface modification, simultaneous enhance-
ments in functional group content and pore size, including pore
volume, were achieved. However, a comprehensive and
systematic investigation of each property is necessary, which is
challenging to conduct solely through experimental
approaches. In order to provide further support and deepen the
understanding of our experimental observations, it is essential
to systematically explore the relationship between H, adsorp-
tion capacity and key properties such as pore width, pore
volume, and functional group type. This can be accomplished
through the application of GCMC simulations. By employing
such simulations, we can gain valuable insights into the
underlying mechanisms governing H, adsorption behavior in
our modified ACs.
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3.3 Effect of pore size, pore volume, and surface chemistry
obtained with GCMC

Firstly, we validated our simulations obtained with our in-
house-program code for H, adsorption on graphite surface at
—195.80 and —196.15 °C obtained from experimental data.®”*
The graphite surface was modeled as an atomistic model with
four graphene layers, which are enough number to form as
a graphite (Fig. 11). We found that the simulated results agreed
very well with experimental data for all studied temperatures.
Therefore, our program code merits to be used for other cases
such as adsorption in graphitic pores.

In the case of adsorption in pores, the specific surface area of
adsorbent models is constant while the pore volume increases
with increasing pore width. The gravimetric capacity at various
pressures and pore widths is presented in Fig. 12a and b. There
were three features on the plot depending on pressure ranges at
—196 °C (Fig. 12a). The first feature was at low pressures (<0.3
bar), where the optimum pore width was found at 0.65 nm, at
which point the single monolayer was complete by adsorbate
(see the local density distributions and snapshots in Fig. S17).
The second feature was found in the moderate pressure range
(0.3-15 bar), where the highest capacity was found at pore
widths of 0.95-1.5 nm depending on pressure. Therefore, for
the first time, the optimum pore widths were plotted as a func-
tion of pressure as shown in Fig. 12¢. The optimum pore width
of 0.95 nm fitted a completely double monolayer, while the pore
widths of 1.20-1.25 nm fitted a three-layer formation (Fig. S1t).
Indeed, the superior pore sizes showed a range of 0.8-1.3 nm at
a pressure of 1 bar (Fig. 12a). It should be noted that this pore-
size range (0.8-1.3 nm) was enhanced in the modified ACs,
especially N-AC900-1 and N-AC900-2, to achieve superior uptake
at 1 bar. Noticeably, during these pressure ranges (low and
moderate pressures), the larger pore volume did not give the
greater H, adsorption capacity. However, at higher pressures
(>15 bar), the third feature indicated that pore volume plays
a greater role in capacity rather than pore width. It should be
noted in this case that the larger pore width had a higher

& 10 5

g ]

©
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Fig. 11 H, adsorption on graphite surface at —196.15 and —195.80 °C
obtained with GCMC (this work) and experimental data.®”®
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gravimetric capacity than the smaller pore width because of the
increased pore volume for enhanced packing.

On the other hand, when temperature increased to 25 °C, the
behavior on the plot (Fig. 12b) exhibited two features depending
on the pore width ranges for all studied pressures (up to 50 bar):
(i) during the pore width range up to 0.85 nm, the optimum

© 2023 The Author(s). Published by the Royal Society of Chemistry
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width was found to be 0.68 nm, which was fit for a completely
single monolayer. This optimum width was slightly larger than
that of —196 °C because of the high energy of fluid motion at
25 °C. (ii) At a pore width larger than 0.85 nm, the H, capacity
increased with pore volume.

We put all the functional group types on the bottom wall to
investigate the competition between each functional group type
in the same pore. The adjacent groups were far enough from
each other to be isolated, avoiding the dependent configuration
between them. It should be noted that the adsorbate-adsorbent
interaction directly influences the adsorbed amount in the pore.
Adsorbate molecules began to adsorb at the strongest active site
until it became saturated or completely covered by adsorbate
molecules. The additional adsorbate molecules were then
adsorbed on the less active site. The active sites could be either
of optimum pore size or, having a surface functional group, or
having a combination of these two properties. However,
temperature is one of the main factors that plays an important
role in adsorbed amount. The feature that was found between
the original ACs versus the modified ACs in Fig. 9 could be
described using the results plotted in Fig. 13. This resulted from
the interplays between the characteristic properties of each
adsorbent. For example, the pore size and pore volume of the
modified N-AC900-2 (O/N doped) were greater than those of the
original AC900 (O-doped). In Fig. 13, there were two solid
models, including O-doped AC and O/N-doped AC. These two
adsorbent models had different surface functional groups, pore
sizes, and pore volumes. We modeled the O/N-doped AC with
a larger pore width (0.85 nm) and larger pore volume to repre-
sent the modified ACs (e.g., N-AC900-2) compared to those
values of the original ACs (e.g., AC900). The O-doped AC model
representing AC900 had a smaller pore width (0.70 nm) and
a smaller pore volume. Possibly, these pore widths were selected
based on the pore size developed by the modification, as shown
in Fig. 3b. The results showed that the H, capacity at —196 °C
obtained with O-doped AC was more concave and higher than
that of O/N-doped AC at low pressures (region I). Because the
pore size of the O-doped AC was dominated at low pressures
rather than the pore size of the O/N-doped AC, the pore size of
the O-doped AC was more effective and was stronger as an active
site than its surface functional group, as confirmed by the heat
contributions in Fig. 13. Similarly, during the adsorption at the
pressure range, up to 1 bar was still the adsorption in region I at
higher temperature of 25 °C, whereas the adsorption at —196 °C
could proceed up to region II, where the H, capacity in O/N-
doped AC became higher than the O-doped AC. The O/N-
doped AC with a pore width of 0.85 nm was superior and able
to be accommodated with two-layer formation, whereas the
smaller pore width of the O-doped AC could fit only a single
monolayer, as shown by the local density distributions and
snapshots in Fig. 14 and S2.f In region II, the isotherm at
—196 °C of O-doped AC showed a plateau, indicating that the
pore filling was almost complete. Therefore, our simulated
results revealed the molecular origin of the macroscopic
behavior, which is consistent with the observation in the
experimental data (Fig. 9).
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In addition, the heat contributions indicated particularly
that Ox-N6 and COOH are about two times stronger than other
groups. Among O groups, COOH has the strongest interaction
with H, because its number of sites is higher than that of other
O groups. As a result, the potential can be classified in the order
of Ox-N6 > COOH > N5 > COH > CO > NQ. To illustrate the effect
of surface chemistry and to ignore the effect of pore width on
the H, adsorption capacity in different pressure ranges, the
different functionalized surface models (O/N-doped versus O-
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doped) with the same pore width were simulated and
compared as shown in Fig. S3.1 The simulated results showed
that the surface chemistry can control the H, uptake only at low
and moderate pressure ranges. Accordingly, H, molecules were
adsorbed in the functional groups at low pressures because of
the strong FFn interactions until they become saturated by
adsorbate molecules at a pressure of about 1.5 bar (these cases),
where the FFn heat dramatically decreased to zero. When
pressure was further increased, the adsorption behavior in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Local density distributions in z-direction and snapshots of H, adsorption in (a) O/N-doped AC model (0.85 nm width) and (b) O-doped

AC model (0.70 nm width) at —196 °C.

these two solid models reached the same levels, followed by the
same manner. However, according to the adsorbed amount
changed with individual factors, pore size was the most factor
while surface chemistry was the second factor during the
effective pressures (up to 1.5 bar).

4. Conclusions

O and N co-doped AC were successfully synthesized by utilizing
jujube branches, an agricultural waste, through a combination
of heat and chemical treatments. In the synthesis process, urea
was impregnated into the original AC as a nitrogen source,
followed by activation using KOH heat treatment to transform it
into an O and N co-doped AC. This modification not only
enhanced the presence of N groups, but also resulted in the
development and increase of superior pore sizes (0.8-1.3 nm),
specific surface area, and pore volume. The modified AC,
referred to as O and N co-doped AC, exhibited a remarkable
enhancement in H, adsorption capacity, reaching up to
2.62 wt% at —196 °C and 1 bar, surpassing the performance of
several other ACs reported in the literature. In terms of appli-
cation, the presence of superior pore sizes not only contributed
to an increased H, adsorption capacity, but also resulted in
lower heat of adsorption, making it advantageous for cooling

© 2023 The Author(s). Published by the Royal Society of Chemistry

applications. Moreover, the modified O and N co-doped AC
demonstrated a higher H, storage capacity at —196 °C and
a greater release of H, from the pores at 25 °C and 1 bar
compared to the original AC.

To further investigate and support our experimental obser-
vations, we employed a GCMC approach. This allowed us to
explore the influence of functional group type, pore width, and
pore volume on the observed H, adsorption behavior. Our
GCMC simulations provided detailed insights into the heat
contributions and molecular origin, thereby improving our
understanding of the isotherms. At low pressures (<0.3 bar), an
optimum pore width of 6.5 nm was identified, facilitating the
completion of a single monolayer of adsorbate. In the moderate
pressure range (0.3-15 bar), the highest capacity was observed
at a pore width range of 0.95-1.5 nm depending on pressure.
Notably, the modified AC with superior pore sizes in the range
of 0.8-1.3 nm exhibited enhanced uptake at 1 bar. However, at
higher pressures (>15 bar), the pore volume played a more
significant role in determining the capacity rather than the pore
width. Surface chemistry played a crucial role in H, uptake at
low and moderate pressures until saturation was reached by
adsorbate molecules. The H,-functional group interaction fol-
lowed the order of Ox-N6 > COOH > N5 > COH > CO > NQ within
the same pore. Not only the superior pore sizes but also the Ox-
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N6 was likely enhanced on solid surface during the modifica-
tion with temperature and time in our experimental works. Our
simulated results demonstrated good agreement with experi-
mental data and offered a potential strategy for enhancing pore
size and surface chemistry to achieve superior H, storage in
porous carbons across a wide pressure range, including low,
moderate, and high pressures.
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